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Foreword

The rapidly changing concepts in radiation oncology with the development of more precise in-
strumentation for delivery of radiation therapy and a greater emphasis on hypofractionation 
technologies require a very intimate knowledge of tumor biology and the influence of various 
biologic factors on dose distribution within the tumor in terms of homogeneity as well as preven-
tion of any late effects on normal tissue surrounding the tumor itself. Not only are these major 
factors in clinical practice but also the known factors of inhomogeneity of cancer cells, the impact 
of microenvironment in terms of radiation effect, and host factors make it mandatory to design 
therapeutic strategies to improve the outcome and to diminish any potential short-term or long-
term risks from the radiation therapy.

The authors have developed an outstanding text that deals with these strategies and how they 
would impact on established and emerging new technologies and treatment. The context of the 
presentations within a multidisciplinary combined modality therapy program is incredibly im-
portant.

In this volume, various topics are reviewed including tumor genesis, cell proliferation, an-
giogenesis, the physiologic characteristics of malignant tissues, invasion and adhesion, the route 
and role pursued in the development of metastasis, and the role of the human immune system in 
cancer prevention and development.

Important chapters focus on cancer diagnosis and treatment along the basic principles of che-
motherapy, radiotherapy, and molecularly targeted therapy. The presented rational adaptations 
allow for the design of translational studies and become increasingly more important as a better 
understanding is gained of gene expression profiling, gene transfer and silencing, proteomics and 
molecular imaging and their impact on the development of treatment programs.

The authors’ aim is to educate and inspire those who devote most of their work to research in 
cancer and its clinical treatment. It represents an outstanding presentation in these regards.

Philadelphia Luther W. Brady
Hamburg Hans-Peter Heilmann
Munich Michael Molls
Bodø Carsten Nieder



Preface

Numerous developments in molecular biology and information technology over the past decade 
have led to an explosive growth in cancer biology research. Much of the research has focused 
on the underlying mechanisms of carcinogenesis, tumor progression and metastasis. Knowledge 
gained from this research has led to the development of new classes of drugs that target specific 
pathways known to be involved in one or more of the processes that may be altered as part of the 
malignant phenotype.

Radiation oncology as a specialty has benefited from this technological revolution, and it is 
now possible to target therapies much more precisely and safely than in the past. It is critically 
important, however, that the radiation oncologist becomes knowledgeable not only about new 
developments in radiation biology, but also about cancer biology in general. In fact, radiation bi-
ology has embraced molecular biology to such a degree that there are now few classically trained 
radiobiologists remaining on the faculties of many radiation oncology departments.

The purpose of this book is to provide the practicing radiation oncologist, as well as those 
in training, with a concise overview of the most important and up-to-date information pertain-
ing to tumor biology as it impacts on cancer treatment. This information is not limited to that 
directly related to the interaction of radiation with cells and tissues, for it is important that the 
radiation oncologist have a broader understanding of tumor biology.

It is the intent of the editors to provide chapters from experts in not only the basic sciences, 
but also in the translational application of key basic biological concepts. Thus, the book con-
tains chapters on the fundamental basic principles of cancer biology, such as tumorigenesis, cell 
growth and proliferation, angiogenesis, tumor physiology, the biology of metastasis and the role 
of the immune system. More clinically related topics, such as molecular and biological imaging 
and molecular targeted therapies for both cancer treatment and normal tissue injury, are also 
included. In order to be able to read and understand the latest literature, it is important to have an 
understanding of the principles behind some of the latest tools employed by scientists to conduct 
their research. To that end, chapters describing techniques such as gene expression profiling, gene 
transfer and gene silencing are also included.

We hope that the reader will find this book a useful guide to the molecular era of cancer 
biology and to the implications of increasing biology knowledge of personalized cancer therapy, 
particularly as it applies to the field of radiation oncology.

Munich Michael Molls
Mainz Peter Vaupel
Bodø Carsten Nieder
Richmond Mitchell S. Anscher
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K E Y  P O I n T S

 Analysis of the DNA of tumor cells reveals that  •
a finite number of gene mutations are respon-
sible for the transmission of the phenotypic 
changes characteristic of the tumor. These mu-
tations may have arisen sporadically through 
misrepair of endogenous DNA damage from 
oxidative stress and DNA replication errors, 
or through mistakes in somatic recombination 
events. Alternatively, they may be induced ex-
ogenously through the DNA-damaging action 
of environmental agents such as ionising radia-
tion and UV light. 

 Failure of the damage control processes to cor- •
rect the damage before it is incorporated per-
manently into the genome during replication is 
critical.

 In addition to the intragenic mutations, there is  •
a range of additional mechanisms whereby the 
genome may become perturbed during tumor 
development. Alterations in the copy number 
of cellular genes are common in human tumors. 
Both allelic gains and losses are encountered. 
Amplification of genetic regions may take the 
form of intrachromosomal duplications, lead-
ing to the in situ amplification of a gene with 
oncogenic properties at its normal chromo-
somal location. Transcription of the amplified 
gene complex subsequently leads to overex-
pression of the gene product. Alternatively, the 
amplification may occur extrachromosomally, 
leading to the formation of multiple copies of 
chromosomal fragments (double minutes).

 The spectrum of mutational events in tumor  •
cells can also include chromosomal transloca-
tion and inversion events leading to the struc-
tural rearrangement of parts of the genome. 
This may result in a fusion of two unrelated gene 

M. J. Atkinson, PhD
Professor, Institute of Radiobiology, Helmholtz Centre 
Munich, German Research Centre for Environmental Health, 
Ingolstädter Landstraße 1, 85764 Neuherberg, Germany
S. Tapio, PhD
Institute of Radiobiology, Helmholtz Centre Munich, Ger-
man Research Centre for Environmental Health, Ingolstädter 
Landstraße 1, 85764 Neuherberg, Germany
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Abstract

Tumor cells possess a range of inherited phenotypic 
features that distinguish them from normal cells. They 
acquire the ability to undergo almost continual unregu-
lated growth, resist cytotoxic chemicals and are able to 

metastasise from their initial locations to proliferate in 
inappropriate tissue compartments. This chapter de-
scribes the early stages of tumorigenesis, starting with 
genetic mutations and alterations in gene expression 
and biological signalling, and finally discusses inherited 
or environmental factors accelerating the initiative pro-
cess to malignancy.  

1.1  
Introduction

The scientific search for the cause of cancer can be 
traced back to Hippocrates. His suggestion that an 
imbalance in the bodily fluids was the cause of cancer 
predated both the cellular theory of Johannes Müller 
and Rudolf Virchow and the oncogenetics of Vogelstein 
and colleagues. The Hippocratic view remained the 
conventional wisdom for generations, but was rapidly 
discarded in favour of more evidence-based models 
(Fig. 1.1). Maybe, given the importance now ascribed to 
the local tissue microenvironment in cancer, we should 
give more credit to Hippocrates. 

After cancer was recognized as a cell-based disease, 
scientific effort focussed on understanding the processes 
involved in the genesis and behaviour of the abnormal 
cells. Whilst the origins of the cellular building blocks 
of tumors can be traced back to an apparently normal 
parental tissue, cancer cells clearly evolve unique pheno-
typic characteristics. Insight into potential mechanisms 
behind this process came from the early epidemiological 
studies by Percival Pott, Bernardino Ramazzini and oth-
ers, who demonstrated exogenous causes for some can-
cer through infection, wounding or noxious chemicals 
(McDermott et al. 2007; Aronson 2007; Breasted 
1922). The seminal study of Theodor Boveri, suggest-
ing that tumors arise through abnormal distribution 
of chromosomes, focussed attention upon the genome 
(Manchester 1995; Harris 2008). Although Peyton 
Rous almost simultaneously established that the malig-
nant phenotype could be transferred to normal cells in 
tumor cell extracts (Vogt 1996), the discovery of the 
central role of genetic material in the process had to 
await the explosion of interest in molecular biology that 
followed the clarification of the structure of DNA. This 
new era saw the identification of tumor-inducing genes 
within the genome of oncogenic viruses, the discovery 
that these viral genes were in fact mutated derivatives 
of cellular genes and that endogenous mutation of these 
very same cellular genes could give rise to cancers. 

Although it was comforting to assume that a simple 
gene mutation underlies the development of cancer, 

fragments, creating a chimeric gene instructing 
production of a protein with abnormal function. 
Alternatively, the rearrangement may transpose 
an endogenously active promoter with coding 
sequences from a gene that is normally either 
tightly regulated or transcriptionally silent in 
the tissue. This form of mutation leads to the 
inappropriate expression of the protein.

 Two non-mutational events are also implicated  •
in the changes in gene expression during onco-
genesis. In the first situation, transcriptional si-
lencing of an essential tumor suppressor gene is 
associated with non-mutational changes to the 
structure of the gene promoter region. Changes 
in the methylation status of individual nucle-
otides of the DNA as well as to the methylation 
and acetylation status of the DNA-binding his-
tone core proteins are involved in regulating lo-
cal gene expression. A second non-mutational 
event is gene silencing through endogenous 
RNA-binding microRNA molecules. 

 Oncogenes are genes that, through the action  •
of the proteins they encode, cause cancer when 
transcribed. Oncogenes arise through the mu-
tation of normal cellular genes with regulatory 
activities called proto-oncogenes. 

 Tumor suppressor genes encode proteins that  •
are responsible for control processes essential 
to limiting cell proliferation. They act upon 
pathways involved in growth control, cell cycle 
regulation and the maintenance of cell integ-
rity (DNA repair and apoptosis). 

 Carcinogens include a number of different  •
substances that are directly involved in the ini-
tiation or promotion of cancer in humans. The 
nature of carcinogens varies from radiation to 
chemical substances, bacteria and viruses. 

 Evolving concepts of tumor stem cells, the reg- •
ulation of coordinated expression programmes 
by non-translated microRNAs and the role of 
the tumor microenvironment are just three ar-
eas where new knowledge is opening up pos-
sibilities for the diagnosis and treatment of ma-
lignant disease. 

M. J. Atkinson and S. Tapio2



more recent developments suggest that the reality is 
much more complex. Thus, the last decade has seen the 
realization that a host of other factors, such as epige-
netic regulation, inherited susceptibility and changes in 
the local microenvironment, can all play a role in the 
development of a cancer. This expansion of our under-
standing of the carcinogenic process has many implica-
tions for the application and development of therapeu-
tic strategies.

1.2  
Early Mutational Events in Carcinogenesis

1.2.1   
Alterations of the Genetic Code

Analysis of the DNA of tumor cells reveals that a finite 
number of gene mutations are responsible for the trans-
mission of the phenotypic changes characteristic of the 
tumor from one cell to the other during cell division. 
These mutations may have arisen sporadically in a so-
matic cell through misrepair of endogenous DNA dam-
age arising from oxidative stress and DNA replication 
errors, or through mistakes in somatic recombination 

events. Alternatively, they may be induced exogenously 
through the DNA-damaging action of environmental 
agents, such as ionising radiation, UV, and mutagenic 
alkylating or intercalating agents. Failure of the damage 
control processes to correct the damage before it is in-
corporated permanently into the genome during repli-
cation is critical.

Infrequently, the critical alteration in gene func-
tion may be transmitted to an individual from a parent 
through the germ line, in which case the mutation can 
result in a familial (heritable) cancer syndrome, such as 
retinoblastoma or one of the multiple endocrine neo-
plasias.  

Mutations involving damage to only small regions 
of the genome that result in phenotypic change are usu-
ally intragenic and are limited to only a single gene. The 
smallest mutations involve a single base, either result-
ing in a nucleotide exchange or insertion/deletion of 
one base (frame-shift mutation). The consequences for 
the gene sequence of such mutations are determined by 
the context of the altered base. If it is present within a 
codon, the genome-encoded amino acid may be sub-
stituted, which may sometimes result in catastrophic 
changes to the protein sequence through substitution 
of an inappropriate amino acid into the protein chain. 
Some substitutions may have only a modest effect upon 

Surgical treatment of cancer is
described in the

from ancient Egypt.
Edwin Smith

Papyrus
“„

Hippocrates uses and
to describe ulcerating and

non-ulcerating tumors. Concludes that
a systemic excess of black humor causes
cancer to develop in disposed tissues.

carcinos
carcinoma

“
„

“
„

Galen and followers adopt the Hippocratic
humor theory, which holds sway until the
18 Century. Surgical intervention is seen as
meaningless due to the systemic nature of the
humor imbalance.

th

Paracelsus challenges Hippocratic-
Galenic theory by suggesting cancer
arises from external influences.

Giovanni Morgagni begins surgical pathology.

John Hunter suggest tumors are not systemic,
but arise from local coagulation of the lymph,
and can therefore be treated by surgical resection.

Percival Pott describes scrotal cancer in chimney
sweeps, the first occupational cancer.

Johannes Müller and Rudolf
Virchow establish the cellular
basis of cancer

Wilhelm Röntgen, Maria Sklodowska-Curie and
Pierre Curie pioneer the use of radiation therapy for
cancer treatment.

Nitrogen mustard-derived alkylating agents and
folic acid derivatives used for chemotherapy.

Discovery of the role of gene mutations in cancer
development.

19 Ch. BCth 4 Ch. BCth 2 Ch. ADnd 16 Ch. ADth 19th Ch. AD18th Ch. AD 20th Ch. AD

Fig. 1.1. Development of cancer biology over the centuries
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phenotype or may even leave the encoded amino acid 
unchanged (silent mutations). Occasionally, the single 
base change may generate a premature stop codon, 
truncating the protein, which frequently leads to rapid 
degradation of the abnormal protein by the misfolded 
protein recognition system in the endoplasmic reticu-
lum and the proteasome.

Insertions and deletions of a single base alter the 
reading frame of the gene. As most genes have evolved 
with multiple stop codons protecting the two non-cod-
ing frames, the frame-shifted sequence will most prob-
ably contain a stop codon close to the position of the 
insertion/deletion. In some infrequent instances, the 
mutated single base may lie in a critical structural ele-
ment of the gene, such as the promoter site regulating 
gene activity, or in a recognition site critical for RNA 
processing, for example splice site mutations result-
ing in exon skipping deletions in the E-cadherin gene 
(Becker et al. 1993).

In addition to the intragenic mutations described 
above, there is a range of additional mechanisms 
whereby the genome may become perturbed during 
tumor development. Alterations in the copy number of 
cellular genes are commonly described in human tu-
mors. Both allelic gains and losses are encountered, and 
their biological consequences are described elsewhere 
in this review. Amplification of genetic regions may 
take the form of intrachromosomal duplications, lead-
ing to the in situ amplification of a gene with oncogenic 
potential. Transcription of the amplified gene complex 
subsequently leads to overexpression of the gene prod-
uct. Alternatively, the amplification may occur extra-
chromosomally, leading to the formation of multiple 
copies of chromosomal fragments (double minutes) 
containing one or more transcriptionally active genes 
with an oncogenic capacity.

The spectrum of mutational events in tumor cells 
can also include chromosomal translocation and inver-
sion events leading to the structural rearrangement of 
parts of the genome. This may result in a fusion of two 
unrelated gene fragments, creating a chimeric gene in-
structing production of a protein with abnormal func-
tion. Alternatively, the rearrangement may transpose 
an endogenously active promoter to coding sequences 
from a gene that is normally either tightly regulated 
or transcriptionally silent in the tissue. This form of 
mutation leads to the inappropriate expression of the 
protein, for example, in parathyroid tissue where the 
CCND1 (cyclin D1) gene is placed under the control of 
the highly active parathyroid hormone gene promoter 
(Arnold et al. 2002). This is also seen in thyroid tissue 
where the transcriptionally inactive glial-derived neu-
rotrophic factor receptor (RET) tyrosine kinase gene is 

placed under the control of one of a number of differ-
ent promoters active in thyroid tissue (Santoro et al. 
2004). As a result of this translocation event, the neu-
roendocrine tissue-restricted RET protein is produced 
in thyroid cells and delivers cell proliferation signals in 
a ligand-independent manner (see below). 

Functional translocations are also frequent in the 
lymphoid and myeloid lineages, presumably due to the 
propensity of these cells to undergo chromosomal rear-
rangements during immunoglobulin and T cell receptor 
maturation. Failure to restrict the high level of chromo-
somal rearrangement activity to the correct locus may 
explain the abundance of such alterations in immature 
stages of the lineages. In solid tumors translocations 
are seen primarily in the endocrine tissues mentioned 
above and in the paediatric tumors rhabdomyosarcoma 
and Ewing’s sarcoma, both of which involve activation 
of genes regulating developmental pathways. Transloca-
tions are reported less frequently in other solid tumors, 
and here their biological relevance remains uncertain. 
Significantly, in none of the solid tumor types show-
ing translocations is there any evidence for endogenous 
chromosomal rearrangement processes that could ex-
plain the phenomena.

Two non-mutational events are also implicated in 
the changes in gene expression during oncogenesis. In 
the first situation, transcriptional silencing of an essen-
tial tumor suppressor gene is associated with non-mu-
tational changes to the structure of the gene promoter 
region. Changes in the methylation status of individual 
nucleotides of the DNA, as well as to the methylation 
and acetylation status of the DNA-binding histone core 
proteins, are involved in regulating local gene expres-
sion. A second non-mutational event is discussed be-
low, where gene silencing through endogenous RNA-
binding microRNA molecules has been suggested to be 
an additional step in transcriptional control, leading to 
silencing in a post-transcriptional manner.  

An altogether different mutational mechanism is 
seen almost exclusively in animal model systems, where 
insertion of retroviral sequences or retroviral-like ele-
ments into the genome results in the disruption of 
cellular genes. In humans, the role of insertional mu-
tagenesis is less clear. Retroviral insertion leading to 
proto-oncogene overexpression has been implicated in 
the development of retroviral gene therapy-associated 
lymphoproliferative malignancies in a small number 
of cases. Nevertheless, the general applicability of this 
mutational mechanism for human cancer is unclear, 
and it is certainly uncommon. In addition to retroviral 
insertion, viruses have evolved a range of strategies for 
productive infection of mammalian cells that subvert 
defence and regulatory pathways. As a consequence of 
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these actions, the viral proteins elicit an oncogenic ac-
tion through growth stimulation, suppression of apop-
tosis or inactivation of endogenous tumor suppressor 
gene function.  

1.2.2   
Events Accompanying Progression

Mathematical and molecular studies on tumor tissues 
have each established that tumors can arise and develop 
through a series of intermediate stages. The clonal ex-
pansion paradigm suggests that discrete stages arise 
through evolutionary selection of appropriate pheno-
types that are themselves defined by mutational events. 
Histopathological studies deliver a partially convergent 
concept, where morphologically distinct stages of tu-
mor formation and development are discernable in al-
most all tumor entities. The combination of the mor-
phological models of tumor development and analysis 
of molecular events suggests that tumor development 
indeed follows a series of steps from pre-cancerous le-
sions (hyperplasia, atypical hyperplasia) that lead ei-
ther directly or indirectly to full neoplasia (infiltrative 
and metastatic growth). During this progression, the 
normally differentiated phenotype may become either 
partially or completely lost (Walch et al. 2000). 

Estimates of the number of mutations and steps that 
are required to create a full malignant phenotype vary 
wildly. In vitro studies suggest that mutation of as few 
as three key genes is sufficient, whilst massive DNA re-
sequencing studies of tumor cell genomes have revealed 
hitherto undiscovered complexity in the magnitude and 
diversity of DNA alterations; however, it remains un-
clear which of these, if any, are required for the acquisi-
tion of a malignant phenotype (Sjoblom et al. 2006). 
Three conceptual models can help in partly reconciling 
these differences. Kinzler and Vogelstein suggested, at 
least for the model of colon carcinogenesis, that there is 
a linear evolution of the cells within the developing tu-
mor, which follows a well-circumscribed and sequential 
series of events (Vogelstein et al. 1988; Vogelstein 
and Kinzler 2004). Each step in their model is repre-
sented by the mutation of a single key gene. However, 
the analysis of the gene alterations present in different 
areas of some tumors shows that some clones lack the 
full compliment of gene mutations. This may indicate 
that a simple linear monoclonal evolution is not always 
followed (Kuukasjarvi et al. 1997). An alternate view 
to the Vogelstein model is that mutations are acquired 
in a cumulative manner, with some clones in the tumor 
acquiring mutations that lead to them branching off 
to an evolutionary dead end and others only being re-

quired at specific points in the tumor development. Ha-
nahan and Weinberg (2000) have suggested that key 
cellular pathways related to functional changes in tu-
mor cell biology are individually targeted by mutational 
events, explaining how the development of malignancy 
can result from a finite number of mutations. Finally, 
systems theory and pathway analysis suggest that each 
functional activity of the cell described by Hanahan 
and Weinberg requires multiple hits to remove back-
up and alternative pathways. It is, however, worthy of 
note that tumor cells cannot tolerate wholesale genomic 
alterations; consequently, there cannot be an unlimited 
number of mutations as some functional pathways are 
essential for continued cell survival. 

A discrepancy of orders of magnitude between the 
sporadic rate of mutational activity observed in cells and 
the level of mutations found in tumors has prompted 
Loeb (2001) to suggest that a key process in tumor cell 
development must be the acquisition of a mutational 
activity (mutator phenotype, loss of caretaker function). 
Although tumor suppressor and apoptosis genes could 
be considered candidate mutator genes, no convincing 
evidence for a specific increase in mutation rate due to 
loss of these genes has been presented. Genes involved 
in maintaining genomic integrity, such as the DNA 
mismatch repair genes, whilst implicated in cancer sus-
ceptibility, provide no clear evidence of mutator-gene 
driven genome changes.

1.2.3   
Proliferation Modifying Genes

A major category of the genes influencing cell prolifera-
tion contains members of signalling pathways involved 
in the regulation of cellular growth. At the cell surface 
this can be seen by the uncontrolled production of 
stimulatory growth factors, the abnormal expression of 
growth factor receptors or the production of a mutated 
form of the receptor that has acquired the capacity to 
autonomously engage and activate the downstream in-
tracellular signalling cascade. A related functional set 
of tumor genes is that involved in the transmission of 
the growth-regulating signal to the transcriptional ap-
paratus, which includes signal-transducing kinases and 
transcription factors. 

An additional group of proliferation genes plays 
a role in steering the transit of cells into, through and 
out of the cell cycle.  Inappropriate functioning of these 
genes leads to uncontrolled cell cycle activity and the 
failure of proliferating cells to differentiate. In the case 
of cell cycle checkpoint control genes, this can allow 
cells with non-repaired DNA damage or chromosomal 

Tumourigenesis 5



aberrations to continue through the cycle, yielding ge-
netically aberrant daughter cells. Failure to eliminate 
damaged cells is an additional feature of the mutations 
influencing a further set of cancer genes, those involving 
the cellular pathways regulating programmed cell death 
(apoptosis and anoikis, a form of apoptosis that is in-
duced in anchorage-dependent cells detaching from the 
surrounding cells and/or matrix). The failure of tumor 
cells to initiate a normal apoptotic death response after 
stress and/or mutation of DNA, or to initiate apoptosis 
after loss of cell–cell and cell–matrix contact, can in-
volve inactivation of the intrinsic (mitochondrial) path-
way and extrinsic (ligand-receptor) apoptosis-inducing 
pathways. This can be brought about by inappropriate 
overexpression of anti-apoptotic proteins or by inac-
tivation of pro-apoptotic proteins. More recently, the 
protective sequestration of cells bearing oncogenic gene 
mutations into a pathway of oncogene-induced senes-
cence (OIS) has been described. The regulation of this 
pathway is poorly understood, but escape from growth 
restrictions imposed by the activation of the senescence 
programme appears to be a critical step in oncogenesis 
and may involve overcoming cell cycle arrest by remov-
ing expression of the p16 cyclin-dependent kinase in-
hibitor. It remains to be seen which other protein activi-
ties regulate entry and exit from OIS and how mutations 
of these genes influence tumorigenesis.

1.2.4  
Acquisition of the Invasive/Metastatic 
Phenotype

Although changes in proliferative regulation pathways 
are critically important, the acquisition of an invasive/
metastatic phenotype is a major step in solid tumor for-
mation. The necessary changes in gene expression may 
occur through mutation or through changes in more 
global programmes of cell regulation, such as the epithe-
lial to mesenchymal phenotypic transition (EMT). Tu-
mor invasion into surrounding tissues requires distinct 
phenotypic alterations. Loss of cell-specific adhesion al-
lows tumor cells to detach from neighbouring cells and 
the underlying extracellular matrix. This may be accom-
panied by upregulation of an alternative programme of 
adhesion, allowing the tumor cell to adhere to anoma-
lous cells or matrixes (e.g. a switch from epithelial-
specific E-cadherin to the mesenschymal-cell specific 
cadherins in breast cancer) (Sarrio et al. 2008). At the 
same time as acquiring an abnormal adhesive profile, 
the tumor cells may also develop a programme allowing 
for the degradation of the surrounding matrix proteins. 

Here, overexpression of specific proteases may facilitate 
local destruction of matrix that allows the non-adher-
ent tumor cell to exit the parental tissue and migrate 
(Wagner et al. 1995). Recent evidence suggests that the 
mobilisation of tumor cells may be driven by local gra-
dients of cell- and tissue-specific chemokine molecules. 
Changes in the expression pattern of surface chemokine 
receptors of tumor cells may permit them to respond 
to a different chemokine milieu and has been suggested 
to be partly responsible for homing of tumor cells to 
specific distant sites such as bone marrow (Kulbe et al. 
2004). Separation of the tumor cell from surrounding 
parental tissue would normally be expected to initiate 
the anoikis programme of apoptosis, but as described 
above, this pathway is inactivated as part of the loss of 
proliferative regulation. The final stage in malignant 
growth, the acquisition of the capacity to generate new 
blood vessels that infiltrate the tumor and oxygenate the 
expanding cell mass, angiogenesis, is discussed in other 
chapters of this book.

1.3   
Inherited Susceptibility

Within a population there is a proportion of individuals 
who are predisposed to develop cancer, either as an ap-
parently sporadic disease or in response to an environ-
mental challenge, such as exposure to tobacco smoke 
or ionising radiation. The abnormally high frequency 
of some tumor types within related members of large 
families provided evidence that cancer is, in some cir-
cumstances, a heritable disease. Genetic linkage stud-
ies of these families has revealed that a number of these 
cancer syndromes occur as simple Mendelian traits, 
usually with a highly penetrant dominant pattern of in-
heritance. 

Many hereditary cancer susceptibility genes, such 
as breast cancer 1 and 2 (BRCA1/2) and the group of 
DNA mismatch repair genes, have a known function 
in the DNA repair. Incomplete functioning of DNA re-
pair appears to render somatic cells highly susceptible 
to carcinogenetic noxae and spontaneous DNA muta-
tions, leading to an accumulation of genetic damage 
and ultimately transformation. Other susceptibility 
genes involving impaired DNA repair lead to cancer-
prone syndromes such as xeroderma pigmentosa, 
Bloom’s disease and hereditary nonpolyposis colorec-
tal cancer (HNPCC), also known as Lynch syndrome. 
Yet, there are inherited susceptibility genes having no 
direct function in DNA repair, but still showing an au-
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tosomal dominant familial pattern. Von-Hippel-Lindau 
syndrome is a dominantly inherited hereditary cancer 
syndrome predisposing to a variety of malignant and 
benign tumors of the eye, brain, spinal cord, kidney, 
pancreas and adrenal glands. Other inherited cancer 
syndromes include ataxia telangiectasia, Li-Fraumeni 
syndrome, retinoblastoma, Wilms’ tumor, familial ad-
enomatous polyposis, multiple endocrine neoplasia 1 
and 2, just to mention a few.

The hereditary mutations associated with can-
cer syndromes only have a big impact on the risk of a 
population if they are common. Thus, whilst mutations 
in the breast cancer susceptibility genes BRCA1 and 
BRCA2 are found in almost 10% of women with breast 
cancer, the PTCH1 gene mutation responsible for the 
Gorlin/basal nevus syndrome occurs in less than 1 per 
50,000 of the population. However, it must be appreci-
ated that the gene mutation frequencies vary consider-
ably between populations, especially if the populations 
are isolated for geographical, religious or other reasons. 
Good examples in this context are BRCA2 mutations in 
Iceland and BRCA1/2 mutations among the Ashkenazi 
Jewish population. Inaccuracies in population estimates 
may bias clinical judgement and allocation of diagnos-
tic resources (Hemminki et al. 2008). 

Susceptibility to many diseases has been shown to 
be polygenic, with a multitude of low-penetrance com-
mon polymorphisms contributing to the risk of devel-
oping disease. These complex trait genes may contrib-
ute significantly to risk estimations of certain cancers. 
Therefore, it is useful to quantify the relative importance 
of known genes in the burden of disease by using the 
population attributable fraction (PAF) that states the 
contribution of the studied gene to disease aetiology, 
independent of the environmental or other genetic fac-
tors that may interact with the gene in question (Hem-
minki and Bermejo 2007). New approaches, such as 
genome-wide association studies (GWAS) using single 
nucleotide polymorphism (SNP) arrays, have provided 
tools to map and potentially identify some of the low-
penetrance hereditary cancer-susceptibility genes. Fu-
ture developments here will require large-scale multi-
national collaborations, similar to those conducted on 
breast cancer (Easton et al. 2007). 

1.4   
Oncogenes

Oncogenes are genes that, through the action of the 
proteins they encode, cause cancer when transcribed 

(Table 1.1). Oncogenes arise through the mutation of 
normal cellular genes with regulatory activities called 
proto-oncogenes. Recent data indicate that small RNA 
molecules called microRNAs (miRNAs) may control 
the expression of proto-oncogenes and that mutations 
in these may lead to oncogene activation (see Sect. Mi-
croRNAs in human cancer) (Wiemer 2007; Negrini 
et al. 2007). 

The first evidence for the existence of oncogenes was 
provided by the study of viral oncogenesis. In 1910, Pey-
ton Rous prepared cell-free filtrates from sarcomas aris-
ing in chickens. Injection of the filtrate into other chick-
ens resulted in the development of the same tumors in 
the recipient birds (Vogt 1996). The aetiological agent 
was identified as an avian RNA virus and subsequently 
named Rous sarcoma virus (RSV). Comparisons be-
tween the genomes of oncogenic and non-oncogenic 
RNA viruses quickly established that the oncogenic 
genomes uniquely harboured specific cancer-inducing 
genes. This led to the discovery of the first oncogene, 
the src gene in RSV (v-src). Its cellular homologue, c-src, 
was identified soon after, leading to the realisation that 
the viral oncogene was in fact a derivative of the cellular 
oncogene that had in an unknown manner, presumably 
during viral retrotransposition or during viral genome 
replication, been integrated into the viral genome and 
subsequently underwent rapid molecular evolution to 
acquire transforming potential. The final confirmation 
of the tumor-inducing role of oncogenes came from cell 
transfection studies, where genomic DNA from tumor 
cells containing active oncogenes was shown to be ca-
pable of transferring the malignant phenotype into re-
cipient cells.  

Studies with animal viruses have been essential in 
elucidating how the activation of oncogenes takes place 
and leads to cellular carcinogenesis. Even if our knowl-
edge of human viruses causing cancer is based on in 
vitro studies and epidemiological data, it is reasonable 
to assume that transformation mechanisms in humans 
are closely related to those in animals. Some human 
pathogenic viruses causing cancer are listed in Table 
1.2.

A typical example of a proto-oncogene translocation 
is the membrane tyrosine kinase receptor RET [see re-
view (Santoro et al. 2004)]. The outer membrane part 
consists of four cadherin-like domains; the inner mem-
brane domain has the tyrosine kinase activity. The gene 
was discovered in 1985 and was found to be activated by 
a DNA rearrangement, a mechanism giving the gene its 
name (Rearranged during Transfection). RET protein 
has several tyrosine residues that are auto-phosphory-
lated. The phosphorylation of the tyrosine 905 is sug-
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gested to act as a key in switching on the kinase activity. 
Other tyrosines serve as docking sites for signalling fac-
tors in their phosphorylated form. RET-mediated sig-
nalling pathways are shown in Fig. 1.2.

The RET gene, located in the long arm of chromo-
some 10 (10q11.2), is normally silent in thyrocytes. Due 
to a chromosomal inversion or translocation event tak-
ing place in a subpopulation of human papillary thyroid 
carcinomas (PTC), the tyrosine kinase-encoding part of 
the RET gene falls under the control of active promoter 
regions of several heterologous genes. The chromosomal 

rearrangements lead to a formation of chimeric RET/
PTC oncoproteins that express constitutive tyrosine ki-
nase activity. Different RET/PTC variants have been iso-
lated that differ in the RET fusion partner. RET/PTC3, 
the fusion between RET and the RFG/Ncoa4 gene, is 
the most prevalent variant in radiation-associated pae-
diatric PTCs. Data are accruing suggesting that the for-
mation of RET/PTC oncogenes is causative in thyroid 
tumorigenesis. Thyroid follicular cells are transformed 
in vitro by RET/PTC. Furthermore, RET/PTC trans-
genic mice develop malignancy of the thyroid. 

Table 1.1. Some oncogenes, their function and the pathways affected

oncogene Function Pathway

Aurora A
HPV-E6
MDM2

Self-sufficiency growth signals
Evading apoptosis
Evading apoptosis

DNA repair

Abl
CDK2
CDK4
Cyclin D
Cyclin E
HPV-E7

Self-sufficiency growth signals
Self-sufficiency growth signals
Self-sufficiency growth signals
Self-sufficiency growth signals
Self-sufficiency growth signals
Self-sufficiency growth signals

Cell cycle control

Gli
Hedgehog
Smo

Evading apoptosis; self-sufficiency growth signals
Evading apoptosis; self-sufficiency growth signals
Evading apoptosis; self-sufficiency growth signals

Hedgehog signalling

Akt
Bax
FKHR/FOXO
JAK
PI3K

Evading apoptosis
Evading apoptosis
Evading apoptosis
Evading apoptosis; self-sufficiency growth signals
Evading apoptosis

Akt signalling

B-Raf
Fos/Jun
ILK
Ras
RTKs

Self-sufficiency growth signals
Evading apoptosis; self-sufficiency growth signals
Self-sufficiency growth signals; tissue invasion and metastasis
Self-sufficiency growth signals
Evading apoptosis; self-sufficiency growth signals
Tissue invasion and metastasis; sustained angiogenesis

Ras signalling

β-catenin
RAR
SOX
Wnt1

Self-sufficiency growth signals
Self-sufficiency growth signals
Self-sufficiency growth signals
Self-sufficiency growth signals

Wnt signalling

Myc Self-sufficiency growth signals TGFβ signalling

Fas Evading apoptosis Death receptor

Notch Evading apoptosis Notch signalling

Gα
GPCR

Self-sufficiency growth signals
Self-sufficiency growth signals

GPCR signalling
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Table 1.2. Human viruses involved in cancer development

Virus non-tumor diseases tumor caused by infection

Human immunodeficiency virus Acquired immune deficiency syndrome Kaposi’s sarcoma
Non-Hodgkin’s lymphoma
Cervical cancer

Human papillomavirus Warts Cervical carcinoma
Head and neck cancer

Hepatitis B Hepatitis, liver cirrhosis Liver cancer

Hepatitis C virus Hepatitis, liver cirrhosis Liver cancer

Epstein-Barr virus Infectious mononucleosis Burkitt’s lymphoma
Non-Hodgkin’s lymphoma
Hodgkin’s disease
Nasopharyngeal carcinoma

Human herpes virus 8 Castleman’s disease Kaposi’s sarcoma
Body cavity lymphoma

Human thymus-derived-cell leukaemia/
lymphoma virus-1

Tropical spastic paraparesis Adult T cell leukaemia

RET

Ca2+

RET9 : I-E-N-K-L-Y-G-R-I
RET51 : I-E-N-K-L-Y-G-M-S

Y687

Y1096
Y1062
Y1029
Y1015
Y981

Y900

Y926
Y905

Y809
Y806

Y752

PKC
p38MAPK
ERK5
NK B
CDK5

α

κ

Grb 7/10

STAT3 PDK1

AKT

RAC

PLCγ PLCε

DOK1

FRS2

Shc

NCK

Shp-2

JNK

Grb2

SOS

Gab 1/2

Ras

PI3K

ERK

AKT

DOK 4/5

Enigma

N-Shc

IRS 1/2

PI3K AKT
Src

Fig. 1.2. The network of RET-mediated signalling events. 
RET auto-phosphorylation sites are shown with their direct 
targets. Dotted lines indicate pathways not yet fully elucidated. 

The amino acid sequences of RET9 and RET51 at the point in 
which they start to diverge at glycine 1063 are shown. With the 
courtesy of Dr. Massimo Santoro
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1.5   
Tumor Suppressor Genes

Our knowledge of tumor suppressor genes comes from 
seminal studies on the familial tumor syndrome retino-
blastoma. Analysis of the frequency and age of onset of 
the disease in affected children revealed that bilateral 
disease had a much earlier onset than unilateral dis-
ease. The bilateral form of the disease is inherited by 
a germ-line mutation and is therefore present in all 
tissues, including both retinas, whereas the unilateral 
disease is due to a locally restricted somatic mutation 

affecting one eye only. To explain the earlier age of onset 
of the bilateral disease, it was proposed by Knudson 
(1996) that there must be a second event (subsequently 
proven to be loss of the remaining wild-type allele) that 
occurs earlier in the inherited form and later in the 
sporadic form. This two-hit model of inactivation of 
a tumor suppressor gene has remained a mainstay of 
our understanding of tumor suppressor gene inactiva-
tion. Inherited or sporadic mutation of one copy of the 
suppressor gene is postulated to confer a selection ad-
vantage to the cell clone, which through an undefined 
mechanism inactivates the remaining tumor suppressor 
allele. Many varieties of processes have been shown to 

Table 1.3. Some tumor suppressors, their function and the pathways affected

tumor suppressor Function Pathway

ARF
ATM/ATR
BRCA1
Chk1
Chk2
DNA-PK
FANCD2
HIPK2
NBS1
P53

Self-sufficiency growth signals
Insensitivity to anti-growth signals
Self-sufficiency growth signals; insensitivity to anti-growth signals
Insensitivity to anti-growth signals
Insensitivity to anti-growth signals
Insensitivity to anti-growth signals
Insensitivity to anti-growth signals
Evading apoptosis; self-sufficiency growth signals
Insensitivity to anti-growth signals
Evading apoptosis; insensitivity to anti-growth signals

DNA repair

P15
P16
Rb

Self-sufficiency growth signals
Self-sufficiency growth signals
Self-sufficiency growth signals

Cell cycle control

Ptch
Su(Fu)

Evading apoptosis; self-sufficiency growth signals
Evading apoptosis; self-sufficiency growth signals

Hedgehog signalling

Bcl-2
LKB1
PTEN
TSC1/TSC2

Evading apoptosis
Self-sufficiency growth signals
Evading apoptosis
Self-sufficiency growth signals

Akt signalling

Integrin
NF1
VHL

Tissue invasion and metastasis
Self-sufficiency growth signals
Sustained angiogenesis

Ras signalling

APC
Axin
α-catenin
E-cadherin

Wnt5A

Self-sufficiency growth signals
Self-sufficiency growth signals
Tissue invasion and metastasis
Self-sufficiency growth signals; insensitivity to anti-growth signals
Insensitivity to anti-growth signals
Self-sufficiency growth signals

Wnt signalling

BMPR
Smad2/3
Smad4
TGFβ R

Insensitivity to anti-growth signals
Insensitivity to anti-growth signals
Insensitivity to anti-growth signals
Insensitivity to anti-growth signals

TGFβ signalling
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be responsible for loss of the second allele (second hit), 
including copying the inactive mutant allele into the 
locus of the wild-type allele, interstitial deletion of the 
wild type allele, deletion of a chromosomal fragment 
or the entire chromosomal arm containing the allele. 
Inconveniently, a number of suppressor gene loci do 
not show loss of both alleles, leading to a number of 
models of how these non-classical suppressor genes are 
involved in cancer. Ideas range from inactivation of the 
second allele through epigenetic mechanisms, the pres-
ence of hypomorphic alleles at the remaining wild-type 
locus, gene dosage effects, etc. In all probability, each 
model may have its validity in explaining the tumor 
suppressor inactivation of a specific gene in a specific 
tumor type.

Tumor suppressor genes encode proteins that are 
responsible for control processes essential to limiting 
cell proliferation. They act upon pathways involved in 
growth control, cell cycle regulation and the mainte-
nance of cell integrity (DNA repair and apoptosis).  

Since the pioneering work by Knudson in the early 
1970s, a correlation between mutated tumor suppressor 
genes and different cancers has been found in several 
cases, such as BRCA1 (cancers of breast, ovary, colon 
and prostate), BRCA2 (cancers of breast, ovary, pan-
creas and prostate), CDK4 (melanoma) and PMS1 and 
PMS2 (colorectal cancer), just to mention a few. Repre-
sentative tumor suppressor genes, their functions and 
the pathways affected are listed in Table 1.3.

In addition to an increased risk of cancer, individu-
als with germ-line mutations in tumor suppressor genes 
frequently show an increased susceptibility to radiation, 
with Li-Fraumeni (TP53), Gorlin (PTCH1) and retino-
blastoma (RB1) syndromes being frequently encoun-
tered (Evans et al. 2006). The majority of reported cases 
with radiation-induced cancers carry mutations in RB1, 
with almost 40% of affected individuals developing ra-
diotherapy-associated tumors compared to a sporadic 

rate of 20% in non-radiotherapy cases (Aerts et al. 
2004; Kleinerman et al. 2005).

The retinoblastoma protein, Rb1, is a tumor sup-
pressor found to be dysfunctional in several human 
cancers (Murphree and Benedict 1984). The gene 
RB1 encodes a factor that controls the progression of 
the cell cycle through the G1 phase and into S phase. 
The function of Rb1 depends on its phosphorylation 
state; Rb can actively inhibit cell cycle progression in its 
dephosphorylated form by binding and thereby inhibit-
ing transcription factors of the E2F family (Korenjak 
and Brehm 2005). Rb-E2F complex stalls the cell cycle 
progression and allows repair of DNA damage before 
the cell enters the S-phase. Rb is initially phosphory-
lated by cyclin D1/CDK4/6 (Fig. 1.3), followed by addi-
tional phosphorylation by cyclin E/CDK2, allowing the 
cell to enter the S-phase. Rb1 remains phosphorylated 
throughout S, G2 and M phases and is again dephos-
phorylated near the end of G1 phase, allowing it to bind 
E2F (Vietri et al. 2006).

1.6   
MicroRnAs in Human Cancer

MicroRNAs (miRNAs) are evolutionary conserved 
small non-coding RNAs, ranging in length from 16 
and 29 nucleotides. The miRNAs are postulated to 
form an endogenous system to regulate and coordinate 
the expression of genes on a post-transcriptional level 
(Wiemer 2007; Negrini et al. 2007). They are able to 
bind complementary sequences in target messenger 
RNAs (mRNAs) and thus prevent their translation. 
Each miRNA may potentially target several hundreds 
different mRNA molecules, suggesting they may exert 
a one-step control over cellular processes (Lewis et al. 
2005).

Cyclin D1 
CDK4/6

Rb

Rb
P

P

G1

G2

G0

p16

S
M

E2F
Cyclin E 
CDK2

Fig. 1.3. The regulation of the cell cycle 
by the phosphorylated and non-phospho-
rylated forms of Rb1 protein. Green ovals 
represent proteins with tumor suppressor 
funktion, red squares proteins acting as 
oncogenes
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The exact mechanism of the translational “silenc-
ing” is not known, but recently the target mRNAs were 
found to be sequestered in the so-called processing 
bodies (P bodies) distant from the translating ribo-
somes (Coller and Parker 2005; Liu et al. 2005; Sen 
and Blau 2005).

At the moment, more than 4,000 different miRNAs 
are identified or predicted in the genomes of viruses, 
plants and animals, of which some 700 may occur in 
man (Griffiths-Jones et al. 2006). Some mammalian 
miRNAs are located within gene introns and appear to 
be transcribed within the primary transcript, only to be 
released during RNA processing  (Shivdasani 2006).  

In recent years, miRNAs have been shown to influ-
ence a variety of cellular processes of key importance, 
including cellular differentiation and maintenance of 
a differentiation state, developmental timing, prolif-
eration and apoptosis (Alvarez-Garcia and Miska 
2005; Zhang et al. 2007). Since deregulated cell death 
and proliferation are hallmarks of many types of carci-
nomas, it is not surprising that, on the one hand, altera-
tions in miRNA may lead to carcinogenesis, and, on the 
other hand, many miRNAs are found to be abnormally 
expressed in clinical cancer samples.

The first study showing involvement of miRNA 
in human cancer was done by Calin et al. (2002). In 
search of a tumor suppressor gene in chronic lympho-
cytic leukaemia (CLL) cases, they found that the small-
est common lesion of a 30-kb region located at chromo-
some 13q14 coded for two miRNAs, miR15 and miR16. 
Furthermore, both genes were found to be deleted or 
downregulated in a majority (approximately 68%) of 
CLL cases. The discovery of a germ-line point mutation 
in two CLL patients that resulted in downregulation of 
both miRNAs and the induction of apoptosis by miR15 
and miR16 by negatively regulating anti-apoptotic on-
cogene BCL2 in the leukaemic cell line MEG-01 sup-
ported the putative tumor suppressor role of these miR-
NAs  (Calin et al. 2005; Cimmino et al. 2005).

MiRNAs may also act in an oncogene-like manner. 
The amplification of the miRNA gene cluster miR-17-92 
on chromosome 13 in human B-cell lymphomas leads 
to upregulation of several miRNAs that together with 
MYC oncogene accelerate tumor development (He et 
al. 2005). Transcription of this cluster is induced by 
MYC itself. Similarly, overexpression of miR-155 in B-
lymphocytes of transgenic mice leads to pre-leukaemic 
pre-B cell polyclonal expansion followed by B-cell ma-
lignancy (Costinean et al. 2006). 

 Considering how rapidly data have been accruing 
in the last years, it is reasonable to believe that the next 
decade will bring new insights about the role of miR-
NAs in carcinogenesis and their therapeutic tools. 

1.7   
Lifestyle, Environmental and Occupational 
Factors Causing Cancer

Known carcinogens include a number of different sub-
stances, mixtures and exposure circumstances that are 
directly involved in the initiation or promotion of can-
cer in humans. The nature of carcinogens varies from 
radiation to chemical substances, bacteria and viruses. 
Based on epidemiological data and biological data from 
both human and animal material, the International 
Agency for Research on Cancer (IARC) has classified 
agents, mixtures and exposures into five categories 
(IARC): Category 1: carcinogenic to humans; category 
2A: probably carcinogenic to humans; category 2B: pos-
sibly carcinogenic to humans; category 3: not classifi-
able as to carcinogenicity in humans; category 4: prob-
ably not carcinogenic to humans. 

Some examples of different types of category 1 car-
cinogens include gamma radiation (lung, liver, skeletal 
and other solid cancers) and underground mining with 
exposure to radon (lung cancer); arsenic compounds 
(cancers of skin, lung, bladder and liver); aflatoxin B1 
produced by the fungus Aspergillus flavus growing on 
grains and nuts (liver cancer); various viruses such as 
hepatitis B and C (liver cancer), Epstein-Barr virus 
(Burkitt’s lymphoma, non-Hodgkin’s lymphoma, Hodg-
kin’s disease) and human papilloma virus (cervical can-
cer); and bacteria, such as Helicobacter pylori (gastric 
cancer), just to mention a few.

To what extent populations come into contact with 
different carcinogens depends largely on cultural and 
socioeconomic factors such as diet, and tobacco and 
alcohol consumption. Populations of less-developed 
countries are to a much greater extent exposed to in-
door pollution caused by cooking fumes and solid 
heating fuels than those in developed countries (Lis-
sowska et al. 2005). On the other hand, the broiling 
and barbecuing meat at high temperatures typical for 
western civilisations lead to the formation of polycyclic 
aromatic hydrocarbons (PAH) and tars that are po-
tent carcinogens (Felton et al. 1997; Sugimura et al. 
2004). However, apart from consumption of alcohol or 
aflatoxin-contaminated food (IARC 1993), no single di-
etary factor can be pinpointed as a definite cause of can-
cer. More importantly, lifestyle factors leading to obe-
sity and increased tobacco and alcohol consumption are 
probably causing more cancer cases, either directly or 
as co-factors, than any single factor alone (Doll et al. 
2005; Peto 2001). 

The carcinogenic effect of cigarette smoking is by far 
the most important discovery of modern epidemiology 
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(IARC 1986). The steep rise in the cigarette consumption 
among the Western European male population after the 
First World War and among the North American male 
population after the Second World War was tracked by 
increase in carcinomas of the lung (Peto 2001).  

There are about a dozen occupational exposure situ-
ations known to increase the risk of cancer, mostly car-
cinomas of the lung. In many cases the carcinogens are 
in airborne complex mixtures with other carcinogens 
and co-factors. Especially in underground mining, the 
workers may be heavily exposed to several carcinogens, 
such as coal, dust, asbestos, radon and arsenic (Taylor 
et al. 1989; Tapio and Grosche 2006; Grosche et al. 
2006; Wichmann et al. 2005; Liu et al. 2002).

Asbestos is a naturally occurring fibrous silicate that 
has been widely used for insulation. Epidemiological 
data show a strong correlation between asbestos and 
pleural and peritoneal mesotheliomas as well as lung 
cancer (Boffetta 2007; Becklake et al. 2007). Due to 
the long latency of about 30 years and more, incidence 
rates are still rising, and it is estimated that occupational 
exposure prior to 1980 will eventually cause 250,000 
cases of mesothelioma and the same amount of lung 
cancer cases in Western Europe (Peto et al. 1999). Ac-
cording to the WHO, 5% of the European population 
are environmentally exposed to asbestos, leading annu-
ally to approximately 1,500 additional cases of meso-
thelioma and lung cancer (WHO 1987; Boffetta and 
Nyberg 2003).

Arsenic is a widely distributed semi-metallic com-
pound that causes several types of cancer due to both 
environmental and occupational exposure situations 
(Tapio and Grosche 2006). The primary route of en-
vironmental exposure is drinking water contaminated 
with inorganic arsenic. Contrarily to the organic arse-
nic compounds frequently present in seafood, inorganic 
arsenic, especially in its trivalent forms, is a group 1 
carcinogen (IARC 2004). Inhalation of arsenic-contam-
inated dust is a common problem in tin, gold and ura-
nium mines (Chen and Chen 2002; Taylor et al. 1989; 
Kusiak et al. 1991; Grosche et al. 2006). Whilst inha-
lation of airborne arsenic in glass and copper smelters 
or arsenic-contaminated dust in mines causes mostly 
lung cancer, arsenic in drinking water increases addi-
tionally the risk of bladder, liver, skin and kidney can-
cers. Both inhalation and ingestion of inorganic arsenic 
compounds are correlated with the increased occur-
rence of squamous cell carcinomas of the lung and skin 
in comparison to other types of lung and skin carcino-
mas (Tapio and Grosche 2006).

In China, Bangladesh and India, millions of people 
have been exposed to arsenic-contaminated drinking 
water since the 1980s (Table 1.4). Formerly, shallow well 
water or surface water was used in households, causing 
other health problems. The effort to improve the quality 
of drinking water by drilling deeper wells led to the un-
anticipated opposite effect by increasing the amount of 
arsenic in the water leaking from the surrounding soil. 

Table 1.4. Countries with arsenic-contaminated drinking water (from Tapio and Grosche 2006)

Country number of people affected Arsenic concentration (µg/l) 

Bangladesh 50–75 Million <10–>1,000 

West Bengale (India) >6 Million 3–3,700 

China >2 Million 50–2,000 

Taiwan 120,000 (1982) 200–2,500 

Thailand n.d. 1–5,114 

Vietnam 11 Million 1–3,050 

Mexico 400,000 8–624 

Chile 250,000 470–770 

Argentina 2 Million >100 

United States 350,000 1–1,160 

Finland 10,000 17–980 

Hungary n.d. 1–174 
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In large areas of endemic arsenic poisoning, the rate of 
malignancies is expected to explode within the next de-
cades.

1.8   
Cancer Stem Cell Hypothesis 
and Microenvironment

Stem cells are pluripotent undifferentiated cells capable 
of undergoing a self-renewing cell division in contrast 
to embryonic stem cells that are omnipotent. The asym-
metric division of a stem cell, by definition, yields one 
daughter cell that can differentiate along multiple lin-
eages and a daughter stem cell with all the properties of 
the parental stem cell. A spectrum of cells with varying 
degrees of stemness is recognised by phenotypic mark-
ers. These cells are presumed to represent the second or 
third generation of stem cells that have undergone some 
preliminary commitment to one or more of the tissue 
lineages. Thus, a mesenchymal stem cell may differenti-
ate to produce adipocytes, fibroblasts, osteoblasts and a 
host of other mesenchymal cells, but it is committed to 
the mesenchymal lineage. 

In 1926, Bailey and Cushing proposed that can-
cer was initiated and maintained by a subpopulation of 
transformed precursor cells. However, it was not until 
recently that Dick (2005) and co-workers showed that 
only a few (0.1–1%) of the tumor cells present within 
an acute myeloid leukaemia (AML) sample had the 
capacity to initiate AML growth after transplantation 
into NOD/SCID mice. Since then, small populations 
of cells with self-renewing capacity have been isolated 
from most leukaemias, solid cancers such as medullo-
blastoma and glioblastoma, as well as carcinomas of 
different organs. These putative cancer stem cells are 
defined as cancer cells with stem-like properties, such 
as the ability to remain quiescent for long periods of 
time and the capacity for asymmetric cell division giv-
ing rise to one cancer stem cell and one differentiated 
progeny. However, they differ from normal stem cells 
by demonstrating unregulated proliferation, probably 
due to acquired gene mutations that render them less 
responsive to negative growth signals or to the loss of 
contact inhibition and gap junction intercellular com-
munication. They display the same cell surface markers 
as their normal tissue counterparts, allowing their isola-
tion and enrichment.

The definition of cancer stem cells directly implies 
that a cancer treatment can only be successful if all can-
cer stem cells are killed. A subset of cancer stem cells 

expresses multidrug resistance transporters ABCB1 and 
ABCG2 (Mimeault and Batra 2007); others express 
constitutively vascular endothelial growth factor recep-
tors (VEGFR2) and seem to be the source of intrinsic 
vasculature building for the tumor (Shen et al. 2008). 
Studies with glioblastoma and breast cancer stem cells 
indicate an increased radioresistance due to a more ef-
ficient DNA damage repair compared to non-stem can-
cer cells (Baumann et al. 2008). The development of ap-
proaches to radiosensitise tumor stem cells remains an 
important future challenge.

Although many fruitful studies on cancer biology 
have been performed in monotypic cell culture, the basic 
structural unit of living tissues remains a highly complex 
three-dimensional mixture of cell types. In 1959, Let-
terer defined the morphology of this complex mixture 
as a histion; more recently, the term microenvironment 
has been used. It is important to note that the microen-
vironment includes not only different cell types, such as 
fibroblasts, endothelial cells, tissue macrophages, leu-
cocytes, nerve cells, etc., but also extracellular matrix, 
serum and lymph proteins, and a whole host of locally-  
and systematically-acting secreted molecules. Within 
the microenvironment, tumors develop and interact 
with the different components. It seems unwise to as-
sume that tumor stem cells are immune from the influ-
ence of this microenvironment (Kenny et al. 2007).  

1.9   
Radiation-Induced Cancers

Ionising radiation is an effective carcinogen, causing 
malignant transformation of many different tissues. The 
shape of the dose-response relationship for cancer in-
duction is currently assumed to be best represented by a 
linear no-threshold relationship. This also describes the 
dose response observed for the accumulation of dam-
age to cellular macromolecules, in particular DNA. Al-
though not universally accepted, it is considered that a 
failure to repair DNA damage leads to the permanent 
accumulation of gene mutations in irradiated tissues 
that then lead to alterations in the regulatory pathways 
described above. Alternative views give more weight to 
non-targeted effects of radiation damage, including lo-
cal inflammatory and stress responses, which are postu-
lated to lead to more global changes in mutational activ-
ity characterised by genomic instability.

Evidence for a direct, targeted, mutational event in 
radiation-induced cancers is lacking, even for alpha-ra-
diation, which would be expected to induce character-
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istic large deletions in critical genes, which should then 
be present in all progeny cells. 

A number of studies have reported either specific 
gene alterations (e.g. RET/PTC3 translocations in ra-
diation-induced thyroid cancer, AML-ETO alterations 
in radiation-associated myeloid leukaemia) or a specific 
profile of gene expression changes (e.g. in radiation-
induced osteosarcoma and papillary thyroid cancer). 
However, the specificity of these changes may reflect the 
histopathological uniqueness of the radiation-induced 
tumors, which suggests that they may be derived from 
different progenitor cells than those giving rise to spo-
radic cancers in these tissues. An additional complica-
tion is that many radiation-induced cancers arise in 
genetically predisposed individuals who have inherited 
a germ-line mutation (e.g. in the RB1 gene). The mech-
anisms behind the development of therapy-associated 
cancers in such an individual may well be quite different 
from those in sporadic cancers.

1.10   
Conclusions

The underlying molecular mechanism responsible for 
the development of a tumor cell may vary (e.g. inacti-
vation of a tumor suppressor gene by a virally encoded 
protein, inheritance of a germ-line mutation or spo-
radic point mutation of an oncogene). Nevertheless, 
all of the mutational events target a common set of 
regulatory nodes within the cell, such as the cell cycle 
checkpoints, growth factor independence and preven-
tion of apoptosis. The wide spectrum of genetic altera-
tions, even within one tumor type, reflects the multiple 
points at which key processes may be subverted and 
camouflages a much more simple biological process in-
volving only a set of critical processes. 

Evolving concepts of tumor stem cells, the regulation 
of coordinated expression programmes by non-trans-
lated microRNAs and the role of the tumor microen-
vironment are just three areas where new knowledge is 
opening up possibilities for the diagnosis and treatment 
of malignant disease. In all three situations, the role of 
ionising radiation is, at best, poorly understood, and 
harnessing them for therapeutic purposes requires that 
considerable effort be expended to define their interac-
tion with radiation.

References

Aerts I, Pacquement H, Doz F, Mosseri V, Desjardins L, Sastre 
X, Michon J, Rodriguez J, Schlienger P, Zucker JM, Quin-
tana E (2004) Outcome of second malignancies after retin-
oblastoma: a retrospective analysis of 25 patients treated at 
the Institut Curie. Eur J Cancer 40: 1522–1529

Alvarez-Garcia I, Miska EA (2005) MicroRNA functions in 
animal development and human disease. Development 
132: 4653–4662

Arnold A, Shattuck TM, Mallya SM, Krebs LJ, Costa J, Gal-
lagher J, Wild Y, Saucier K (2002) Molecular pathogenesis 
of primary hyperparathyroidism. J Bone Miner Res 17 
(Suppl 2): N30–36

Aronson SM (2007) Galen and the causes of disease. Med 
Health R I 90: 375

Bailey P, Cushing H (1926) A classification of the tumors of 
the glioma group on a histogenetic basis with a correlated 
study of prognosis. JB Lippincott, Philadelphia

Baumann M, Krause M, Hill R (2008) Exploring the role of 
cancer stem cells in radioresistance. Nat Rev Cancer 8: 
545–554

Becker KF, Atkinson MJ, Reich U, Huang HH, Nekarda H, 
Siewert JR, Hofler H (1993) Exon skipping in the E-cad-
herin gene transcript in metastatic human gastric carcino-
mas. Hum Mol Genet 2: 803–804

Becklake MR, Bagatin E, Neder JA (2007) Asbestos-related 
diseases of the lungs and pleura: uses, trends and man-
agement over the last century. Int J Tuberc Lung Dis 11: 
356–369

Boffetta P (2007) Epidemiology of peritoneal mesothelioma: a 
review. Ann Oncol 18: 985–990

Boffetta P, Nyberg F (2003) Contribution of environmental 
factors to cancer risk. Br Med Bull 68: 71–94

Breasted JH (1922) The Edwin Smith Papyrus
Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, 

Aldler H, Rattan S, Keating M, Rai K, Rassenti L, Kipps 
T, Negrini M, Bullrich F, Croce CM (2002) Frequent de-
letions and down-regulation of micro-RNA genes miR15 
and miR16 at 13q14 in chronic lymphocytic leukemia. 
Proc Natl Acad Sci U S A. 99: 15524–15529

Calin GA, Ferracin M, Cimmino A, Di Leva G, Shimizu M, 
Wojcik SE, Iorio MV, Visone R, Sever NI, Fabbri M, Iu-
liano R, Palumbo T, Pichiorri F, Roldo C, Garzon R, Sevi-
gnani C, Rassenti L, Alder H, Volinia S, Liu CG, Kipps TJ, 
Negrini M, Croce CM (2005) A MicroRNA signature as-
sociated with prognosis and progression in chronic lym-
phocytic leukemia. N Engl J Med 353: 1793–1801

Chen W, Chen J (2002) Nested case-control study of lung can-
cer in four Chinese tin mines. Occup Environ Med 59: 
113–118

Cimmino A, Calin GA, Fabbri M, Iorio MV, Ferracin M, Shi-
mizu M, Wojcik SE, Aqeilan RI, Zupo S, Dono M, Rassenti 
L, Alder H, Volinia S, Liu CG, Kipps TJ, Negrini M, Croce 
CM (2005) miR-15 and miR-16 induce apoptosis by tar-
geting BCL2. Proc Natl Acad Sci U S A 102: 13944–13949

Tumourigenesis 15



Coller J, Parker R (2005) General translational repression by 
activators of mRNA decapping. Cell 122: 875–886

Costinean S, Zanesi N, Pekarsky Y, Tili E, Volinia S, Heerema 
N, Croce CM (2006) Pre-B cell proliferation and lym-
phoblastic leukemia/high-grade lymphoma in E(mu)-
miR155 transgenic mice. Proc Natl Acad Sci U S A 103: 
7024–7029

Dick JE (2005) Acute myeloid leukemia stem cells. Ann N Y 
Acad Sci 1044: 1–5

Doll R, Peto R, Boreham J, Sutherland I (2005) Mortality in re-
lation to alcohol consumption: a prospective study among 
male British doctors. Int J Epidemiol 34: 199–204

Easton DF, Pooley KA, Dunning AM, Pharoah PD, Thompson 
D, Ballinger DG, Struewing JP, Morrison J, Field H, Luben 
R, Wareham N, Ahmed S, Healey CS, Bowman R, Meyer 
KB, Haiman CA, Kolonel LK, Henderson BE, Le March-
and L, Brennan P, Sangrajrang S, Gaborieau V, Odefrey F, 
Shen CY, Wu PE, Wang HC, Eccles D, Evans DG, Peto J, 
Fletcher O, Johnson N, Seal S, Stratton MR, Rahman N, 
Chenevix-Trench G, Bojesen SE, Nordestgaard BG, Axels-
son CK, Garcia-Closas M, Brinton L, Chanock S, Lis-
sowska J, Peplonska B, Nevanlinna H, Fagerholm R, Eerola 
H, Kang D, Yoo KY, Noh DY, Ahn SH, Hunter DJ, Han-
kinson SE, Cox DG, Hall P, Wedren S, Liu J, Low YL, Bog-
danova N, Schurmann P, Dork T, Tollenaar RA, Jacobi CE, 
Devilee P, Klijn JG, Sigurdson AJ, Doody MM, Alexander 
BH, Zhang J, Cox A, Brock IW, MacPherson G, Reed MW, 
Couch FJ, Goode EL, Olson JE, Meijers-Heijboer H, van 
den Ouweland A, Uitterlinden A, Rivadeneira F, Milne 
RL, Ribas G, Gonzalez-Neira A, Benitez J, Hopper JL, Mc-
Credie M, Southey M, Giles GG, Schroen C, Justenhoven 
C, Brauch H, Hamann U, Ko YD, Spurdle AB, Beesley J, 
Chen X, Mannermaa A, Kosma VM, Kataja V, Hartikainen 
J, Day NE, Cox DR, Ponder BA (2007) Genome-wide as-
sociation study identifies novel breast cancer susceptibility 
loci. Nature 447:1087–1093

Evans DG, Birch JM, Ramsden RT, Sharif S, Baser ME (2006) 
Malignant transformation and new primary tumors af-
ter therapeutic radiation for benign disease: substantial 
risks in certain tumor prone syndromes. J Med Genet 43: 
289–294

Felton JS, Malfatti MA, Knize MG, Salmon CP, Hopmans EC, 
Wu RW (1997) Health risks of heterocyclic amines. Mutat 
Res 376: 37–41

Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, En-
right AJ (2006) miRBase: microRNA sequences, targets 
and gene nomenclature. Nucleic Acids Res 34(Database 
issue): D140–144

Grosche B, Kreuzer M, Kreisheimer M, Schnelzer M, Tschense 
A (2006) Lung cancer risk among German male ura-
nium miners: a cohort study, 1946–1998. Br J Cancer 95: 
1280–1287

Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 
100: 57–70

Harris H (2008) Concerning the origin of malignant tumors 
by Theodor Boveri. Translated and annotated by Henry 
Harris. J Cell Sci 121 (Suppl 1): 1–84

He H, Jazdzewski K, Li W, Liyanarachchi S, Nagy R, Volinia S, 
Calin GA, Liu CG, Franssila K, Suster S, Kloos RT, Croce 
CM, de la Chapelle A (2005) The role of microRNA genes 
in papillary thyroid carcinoma. Proc Natl Acad Sci U S A 
102: 19075–19080

Hemminki K, Bermejo JL (2007) Constraints for genetic as-
sociation studies imposed by attributable fraction and fa-
milial risk. Carcinogenesis 28: 648–656

Hemminki K, Forsti A, Lorenzo Bermejo J (2008) Etiologic 
impact of known cancer susceptibility genes. Mutat Res 
658: 42–54

IARC. http://monographs.iarc.fr/ENG/Classification/index
IARC (1986) Tobacco smoking. IARC, Lyon
IARC (1993) Some naturally occurring substances: Food items 

and constituents, heterocyclic aromatic amines and myo-
toxins. IARC, Lyon

IARC (2004) Some drinking-water disinfectants and contami-
nants, including arsenic. IARC, Lyon

Kenny PA, Lee GY, Bissell MJ (2007) Targeting the tumor mi-
croenvironment. Front Biosci 12: 3468–7344

Kleinerman RA, Tucker MA, Tarone RE, Abramson DH, Sed-
don JM, Stovall M, Li FP, Fraumeni JF Jr (2005) Risk of 
new cancers after radiotherapy in long-term survivors of 
retinoblastoma: an extended follow-up. J Clin Oncol 23: 
2272–2279

Knudson AG (1996) Hereditary cancer: two hits revisited. J 
Cancer Res Clin Oncol 122: 135–140

Korenjak M, Brehm A (2005) E2F-Rb complexes regulating 
transcription of genes important for differentiation and 
development. Curr Opin Genet Dev 15: 520–527

Kulbe H, Levinson NR, Balkwill F, Wilson JL (2004) The 
chemokine network in cancer—much more than directing 
cell movement. Int J Dev Biol 48: 489–496

Kusiak RA, Springer J, Ritchie AC, Muller J (1991) Carcinoma 
of the lung in Ontario gold miners: possible aetiological 
factors. Br J Ind Med 48: 808–817

Kuukasjarvi T, Karhu R, Tanner M, Kahkonen M, Schaffer A, 
Nupponen N, Pennanen S, Kallioniemi A, Kallioniemi OP, 
Isola J (1997) Genetic heterogeneity and clonal evolution 
underlying development of asynchronous metastasis in 
human breast cancer. Cancer Res 57: 1597–1604

Letterer E (1959) Allgemeine Pathologie. Thieme, Stuttgart
Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, 

often flanked by adenosines, indicates that thousands of 
human genes are microRNA targets. Cell 120: 15–20

Lissowska J, Bardin-Mikolajczak A, Fletcher T, Zaridze D, 
Szeszenia-Dabrowska N, Rudnai P, Fabianova E, Cassidy 
A, Mates D, Holcatova I, Vitova V, Janout V, Mannetje A, 
Brennan P, Boffetta P (2005) Lung cancer and indoor pol-
lution from heating and cooking with solid fuels: the IARC 
international multicentre case-control study in Eastern/
Central Europe and the United Kingdom. Am J Epidemiol 
162: 326–333

Liu J, Valencia-Sanchez MA, Hannon GJ, Parker R (2005) 
MicroRNA-dependent localization of targeted mRNAs to 
mammalian P-bodies. Nat Cell Biol 7: 719–723

M. J. Atkinson and S. Tapio16



Liu J, Zheng B, Aposhian HV, Zhou Y, Chen ML, Zhang A, 
Waalkes MP (2002) Chronic arsenic poisoning from burn-
ing high-arsenic-containing coal in Guizhou, China. Envi-
ron Health Perspect 110: 119–122

Loeb LA (2001) A mutator phenotype in cancer. Cancer Res 
61: 3230–3239

Manchester KL (1995) Theodor Boveri and the origin of ma-
lignant tumors. Trends Cell Biol 5: 384–387

McDermott C, O’Sullivan R, McMahon G (2007) An unusual 
cause of headache: Pott’s puffy tumor. Eur J Emerg Med 
14: 170–173

Mimeault M, Batra SK (2007) Interplay of distinct growth fac-
tors during epithelial mesenchymal transition of cancer 
progenitor cells and molecular targeting as novel cancer 
therapies. Ann Oncol 18: 1605–1619

Murphree AL, Benedict WF (1984) Retinoblastoma: clues to 
human oncogenesis. Science 223: 1028–1033

Negrini M, Ferracin M, Sabbioni S, Croce CM (2007) MicroR-
NAs in human cancer: from research to therapy. J Cell Sci 
120(Pt 11): 1833–1840

Peto J (2001) Cancer epidemiology in the last century and the 
next decade. Nature 411: 390–395

Peto J, Decarli A, La Vecchia C, Levi F, Negri E (1999) The Eu-
ropean mesothelioma epidemic. Br J Cancer 79: 666–672

Santoro M, Carlomagno F, Melillo RM, Fusco A (2004) Dys-
function of the RET receptor in human cancer. Cell Mol 
Life Sci 61: 2954–2964

Sarrio D, Rodriguez-Pinilla SM, Hardisson D, Cano A, 
Moreno-Bueno G, Palacios J (2008) Epithelial-mesen-
chymal transition in breast cancer relates to the basal-like 
phenotype. Cancer Res 68: 989–997

Sen GL, Blau HM (2005) Argonaute 2/RISC resides in sites of 
mammalian mRNA decay known as cytoplasmic bodies. 
Nat Cell Biol 7: 633–636

Shen R, Ye Y, Chen L, Yan Q, Barsky SH, Gao JX (2008) Pre-
cancerous stem cells can serve as tumor vasculogenic pro-
genitors. PLoS ONE 3: e1652

Shivdasani RA (2006) MicroRNAs: regulators of gene expres-
sion and cell differentiation. Blood 108(12): 3646–3653

Sjoblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber TD, 
Mandelker D, Leary RJ, Ptak J, Silliman N, Szabo S, Buck-
haults P, Farrell C, Meeh P, Markowitz SD, Willis J, Daw-
son D, Willson JK, Gazdar AF, Hartigan J, Wu L, Liu C, 
Parmigiani G, Park BH, Bachman KE, Papadopoulos N, 
Vogelstein B, Kinzler KW, Velculescu VE (2006) The con-
sensus coding sequences of human breast and colorectal 
cancers. Science 314: 268–274

Sugimura T, Wakabayashi K, Nakagama H, Nagao M (2004) 
Heterocyclic amines: Mutagens/carcinogens produced 
during cooking of meat and fish. Cancer Sci 95: 290–299

Tapio S, Grosche B (2006) Arsenic in the aetiology of cancer. 
Mutat Res 612:215–246

Taylor PR, Qiao YL, Schatzkin A, Yao SX, Lubin J, Mao BL, 
Rao JY, McAdams M, Xuan XZ, Li JY (1989) Relation of 
arsenic exposure to lung cancer among tin miners in Yun-
nan Province, China. Br J Ind Med 46: 881–886

Vietri M, Bianchi M, Ludlow JW, Mittnacht S, Villa-Moruzzi E 
(2006) Direct interaction between the catalytic subunit of 
protein phosphatase 1 and pRb. Cancer Cell Int 6: 3

Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger 
AC, Leppert M, Nakamura Y, White R, Smits AM, Bos JL 
(1988) Genetic alterations during colorectal-tumor devel-
opment. N Engl J Med 319: 525–532

Vogelstein B, Kinzler KW (2004) Cancer genes and the path-
ways they control. Nat Med 10: 789–799

Vogt PK (1996) Peyton Rous: homage and appraisal. Faseb J 
10: 1559–1562

Wagner SN, Atkinson MJ, Thanner S, Wagner C, Schmitt M, 
Wilhelm O, Rotter M, Hofler H (1995) Modulation of 
urokinase and urokinase receptor gene expression in hu-
man renal cell carcinoma. Am J Pathol 147: 183–192

Walch AK, Zitzelsberger HF, Bruch J, Keller G, Angermeier D, 
Aubele MM, Mueller J, Stein H, Braselmann H, Siewert JR, 
Hofler H, Werner M (2000) Chromosomal imbalances in 
Barrett’s adenocarcinoma and the metaplasia-dysplasia-
carcinoma sequence. Am J Pathol 156: 555–566

WHO (1987) Air quality guidelines for Europe. Copenhagen, 
World Health Organization Regional Office for Europe

Wichmann HE, Rosario AS, Heid IM, Kreuzer M, Heinrich J, 
Kreienbrock L (2005) Increased lung cancer risk due to 
residential radon in a pooled and extended analysis of 
studies in Germany. Health Phys 88: 71–79

Wiemer EA (2007) The role of microRNAs in cancer: no small 
matter. Eur J Cancer 43: 1529–1544

Zhang B, Wang Q, Pan X (2007) MicroRNAs and their 
regulatory roles in animals and plants. J Cell Physiol 
210: 279–289

Tumourigenesis 17



K E Y  P O I n T S

 Several checkpoint mechanisms within the cell  •
cycle are responsible for the monitoring of in-
dividual steps during cell division and mitosis. 
While cell proliferation normally is tightly con-
trolled, cancer might be viewed as a manifesta-
tion of uncontrolled, “selfish” cell divisions.

 A family of proteins called cyclin-dependent  •
serine/threonine protein kinases (CDKs) con-
stitutes pivotal regulator proteins governing 
the transition from one cell cycle phase to the 
next. CDKs are activated at specific cell cycle 
points. Positive regulation of CDK activity oc-
curs through association with proteins called 
cyclins. Cyclins are produced at each of the cell 
cycle phases and form protein complexes with 
their CDK partners. Mutations within genes 
encoding for CDKs and/or associated cyclins 
have been often found in tumors.
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Abstract

The regulation of cell proliferation, cell death, and cell 
survival must be tightly controlled in multicellular 
organisms where different tissues fulfill specialized 
functions. Uncontrolled overgrowth of a single tissue or 
even organ within the organism would be fatal for the 
existence of the whole organism. Thus, in multicellular 
organisms, decisions about cell divisions can no longer 
rest within a single cell, but rather must be undertaken 
collectively so that they serve the organism as a whole. 
Failure of these mechanisms will lead to developmental 
abnormalities and/or cancer. Thus, cancer could 
be viewed as diseases of cell proliferation and cell 
death. In this chapter, we discuss various aspects and 
interconnections between cell survival, proliferation, 
and death. We also introduce the basic information 
about (cancer) stem cells and their physiology, since 
mutations within stem cells that affect the regulation 
of their proliferation, survival, and differentiation can 
potentially lead to cancer development. While the focus 
of the chapter is on the interconnection between cell 
proliferation and cell death, a significant part of the 
chapter is dedicated to major survival/proliferation 
pathways frequently mutated in cancer, like ErbB2/Her2/
Neu, ABL, and PI3-K/AKT, used here as examples. In 
the last part of the chapter, we emphasize the potential 
of regulators of cell survival and proliferation as 
pharmacologic targets for the development of targeted 
anticancer therapies.

2.1  
Introduction: Tumor Development 
and Growth Characteristics

Tumor development can be viewed in several aspects. 
In this chapter we discuss tumorigenesis in the context 

 Malfunction of critical organelles or structures  •
(e.g., faulty mitotic spindle) and/or DNA dam-
age prompts checkpoints to activate cell cycle 
arrest and trigger apoptotic cell death cascades 
if the damage is not repaired.

 Cell cycle entry (G0/G1–S phase transition) is  •
controlled by two major pathways: (1) Rb (Rb, 
cyclin D1, and p16InK4A) cell cycle pathway, and 
(2) p53/p21Waf1 G1–S checkpoint arrest path-
way.

 The p53 molecule appears to be the most im- •
portant guardian of genome stability, and its 
multiple functions unite the regulation of cell 
cycle progression, DNA damage detection, and 
apoptosis induction. p53 has tumor suppressor 
activity, and about 50% of tumors display inac-
tivation of this gene. If p53 detects DNA dam-
age, it will stop cell cycle progression and allow 
time for DNA repair. If the repair mechanisms 
fail, then it will activate the expression of sev-
eral genes involved in apoptosis in an attempt 
to counteract uncontrolled cell division, lead-
ing to tumorigenesis.

 Stem cells attracted significant attention in  •
recent years, due to their enormous poten-
tial in regenerative medicine. Their capacity 
for endless self-renewal and plasticity makes 
them ideal tools for the treatment of a number 
of diseases. Unfortunately, the same qualities 
make them precursors for the development of 
cancer cells if their cell cycle control fails and/
or their differentiation programs go astray. 
Thus, cancer could be perceived as a disease of 
stem cells. 

 The phosphoinositol-3-kinase (PI3-K)/Akt sig- •
naling pathway is a major prosurvival pathway 
within the cell. Activated by a number of cel-
lular stimuli and external signals, this pathway 
regulates key cellular functions such as pro-
liferation, growth, transcription, translation, 
cell cycle, and apoptosis. Notably, PI3-K/Akt 
signaling is frequently disrupted in human 
cancers and plays a major role not only in tu-
mor growth, but also in the response to cancer 
treatment.

 Epidermal growth factor (EGF) promotes sur- •
vival and stimulates growth and differentiation 
of epithelial cells. Enhanced tumor malignancy 
and shorter survival periods are positively cor-
related with the expression of EGF-like ligands 

and ErbB and are poor prognostic markers for 
a number of malignancies of epithelial origin.

 Therapeutic approaches based on targeting  •
growth and survival signaling pathways, in-
cluding but not limited to PI3-K/Akt and EGF, 
have been established. Novel targeted cancer 
therapies aim at the correction (mostly inhibi-
tion) of signaling pathways, which are dysregu-
lated in cancer, e.g., by interfering with tyrosine 
kinases.
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of: (1) a disease of tissue-committed stem cells caused 
by disturbances in their homeostasis and differentiation 
(cancer stem cell concept) (Hombach-Klonisch et al. 
2008), and (2) a dysequilibrium of homeostasis between 
cell proliferation and cell death (the removal of super-
numerary or damaged cells) (Maddika et al. 2007a). 
Both scenarios may reflect a manifestation of disturbed 
cell cycle control, are not mutually exclusive, and can 
co-exist within cells.

The eukaryotic cell cycle is divided into four non-
overlapping phases: G1 (gap 1), S (DNA synthesis), G2 
(gap 2), and M (mitosis, cell division) phases, respec-
tively. Once committed to enter the S phase, a healthy 
cell will complete the entire cell cycle. If the cell en-
counters unmanageable obstacles during cell cycle 
progression, then this cell will undergo programmed 
cell death (apoptosis). Several checkpoint mechanisms 
within the cell cycle are responsible for the monitoring 
of individual steps during cell division and mitosis. We 
focus on three important control mechanisms involv-
ing cyclin-dependent kinases, retinoblastoma (Rb), 
and p53.

2.2  
Brief Overview of the Cell Cycle

Unlike in a single-cell organism where the decision to 
divide rests largely on the availability of sufficient en-
ergy supply, the decision for individual cells to divide in 
multicellular organisms is the result of intricate inter-
cellular networking in a collective attempt to preserve 
tissue integrity and function and sustain the existence 
of the organism as a whole. Cancer is a manifestation of 
uncontrolled, “selfish” cell divisions.

The G1 phase is the first phase of the cell cycle and 
serves to prepare cells for DNA synthesis. Diploid cells 
contain 2n chromosomes (Collins and Garrett 
2005; Schafer 1998) and in the subsequent S phase, 
this DNA is duplicated to reach 4n. Before undergoing 
mitosis, cells prepare for cell division in G2 phase. Dur-
ing mitosis, the genome composed of 4n chromosomes 
is equally divided into two daughter cells, each receiv-
ing two copies of the genome (2n). Non-cycling/quies-
cent cells remain in G0 phase (Collins and Garrett 
2005). Cell proliferation is tightly controlled. A family 
of proteins called cyclin-dependent serine/threonine 
protein kinases (CDKs) constitute pivotal regulator 
proteins governing the transition from one cell cycle 
phase to the next. CDKs are activated at specific cell 
cycle points (Collins and Garrett 2005; Vermeu-

len et al. 2003). Positive regulation of CDK activity oc-
curs through association with proteins called cyclins. 
Cyclins are produced at each of the cell cycle phases 
and form protein complexes with their CDK partners. 
The levels of activating cyclins fluctuate at different 
stages of the cell cycle, whereas the CDK protein levels 
remain fairly  stable (Vermeulen et al. 2003). Cyclins 
D1, D2, D3, and C regulate G0/G1- to S-phase transi-
tion. Cyclins D1, D2, and D3 interact with CDK4 and 
CDK6, whereas cyclin C interacts with CDK8. On re-
ceiving a growth signal and being prompted to enter 
the cell cycle, cyclins D1, D2, and D3 are the first to 
be expressed in cells exiting G0 state. The progres-
sion through G1 is governed by cyclin D isoforms and 
CDKs -2, -4, and -6 (Schwartz and Shah 2005; Ver-
meulen et al. 2003). Cyclin E is associated with G1- 
to S-phase transition and activates CDK2. Cyclin A is 
expressed during the S-phase transition and it interacts 
with CDK1 and -2. B-type cyclins are expressed in the 
end of G2 and mitosis, and they interact with CDK1 
(Coqueret 2003). G- and T-type cyclins activate 
CDK5 and CDK9, respectively (Johnson and Walker 
1999).

The activity of CDKs is tightly regulated by inhibi-
tory phosphorylation and by inhibitory molecules. The 
inhibitory phosphorylation is mediated by the Wee1 
and MYT1 kinases (Park and Lee 2003). In addition, 
two classes of protein-based inhibitors the INK4 group 
such as p16Ink4a or p15Ink4b and the CIP/KIP class such 
as p21waf1 or p27kip1 may negatively regulate the activ-
ity of CDKs (Park and Lee 2003; Schwartz and 
Shah 2005). 

Each phase of the cell cycle contains checkpoints 
that will arrest cell cycle progression and allow acti-
vation of repair mechanisms (Park and Lee 2003). 
Malfunction of critical organelles or structures (e.g., 
faulty mitotic spindle) and/or DNA damage prompts 
these checkpoints to activate cell cycle arrest and trig-
ger apoptotic cell death cascades if the damage is not 
repaired (Rowinsky 2005; Siegel 2006). The apoptotic 
machinery is an important part of cell cycle check-
points, protects the integrity of multicellular organisms, 
and allows for selective removal of unwanted or dam-
aged cells (Khosravi-Far and Esposti 2004; Los and 
Gibson 2005; Los et al. 1999). The induction of apop-
tosis leads to cell blebbing, exposure of phosphatidyl-
serine at the cell surface, shrinkage in cell size, DNA 
condensation, and the formation of apoptotic bod-
ies (Darzynkiewicz et al. 1997; Khosravi-Far and 
Esposti 2004). 
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2.3  
Reciprocal Control  
of Cell Proliferation and Cell Death

Tumor suppressor genes like p53, Rb, and E2F appeared 
during evolution, probably to protect the integrity of the 
organism from uncontrolled cell proliferation within 
multicellular specialized tissues. This concept is sup-
ported by the observation that the respective proteins 
or pathways are mutated or inactivated in most human 
cancers. Cell cycle entry (G0–G1- to S-phase transition) 
is controlled by two major pathways: (1) the Rb (Rb, cy-
clin D1, and p16Ink4a) cell cycle pathway and (2) the p53/
p21Waf1 G1–S checkpoint arrest pathway. Although both 
pathways act largely independently, they are intercon-
nected (Burke et al. 2005; Hsieh et al. 2002).

2.3.1  
Rb Tumor Suppressor

Rb was the first tumor suppressor gene to be identified 
(Lee et al. 1987) and has a major role in controlling 
cell cycle entry. Besides the control of G1–S transition, 
Rb is critical for tissue regeneration, stem cell mainte-
nance, differentiation, and developmental programs. Rb 
is a 928–amino acid nuclear phosphoprotein that may 
weakly bind DNA. Rb interacts with a number of pro-
teins, which mostly play a role in transcription control. 
Among these proteins, E2Fs and its partner DP are key 
regulators of cell cycle-related gene expression. These 
heterodimers directly modulate the expression of genes 
involved in DNA replication, DNA repair, and G2–M 
progression (Knudsen and Knudsen 2006).

Rb and its homologues RBL1/p107 and RBL2/p130 
mediate cell cycle arrest by antagonizing transcription 
factor E2F/DP. This event is regulated by the phospho-
rylation status of Rb family proteins. Only hypophos-
phorylated Rb protein family members can interact 
with E2Fs and function as cell cycle inhibitors (Hsieh 
et al. 2002; Jackson and Pereira-Smith 2006). Rbs 
are phosphorylated by the CDK/cyclin complexes. Mi-
togenic signals (e.g., growth factors) lead to the acti-
vation of CDK/cyclin complexes, while antimitogenic 
conditions (e.g., cell confluence or nutrient depletion) 
inhibit activation of the G1 CDK/cyclins. Phosphoryla-
tion of Rb turns off its transcription repressor function, 
thus releasing the E2F/DP transcription factor complex 
and allowing expression of E2F target genes essential 
for entry into S phase. Rb is held in a hyperphospho-
rylated/inactive state throughout the rest of the cell 

cycle (S, G2, and M phases) (Knudsen and Knudsen 
2006).

Rb family members may also regulate gene expres-
sion by affecting chromatin structure. These chroma-
tin changes are invoked by the recruitment of histone 
deacetylases (HDACs), histone methyltransferases, 
SWI/SNF complex members, and, less well-character-
ized DNA methyltransferases and polycomb proteins 
(Jackson and Pereira-Smith 2006). The integrity of 
the Rb pathway can influence the activity of p53 and 
vice versa (Hsieh et al. 2002).

In tumors, downregulation or complete inhibition 
of Rb function is achieved by a variety of mechanisms: 
(1) high expression of CDK4 or cyclin D, which main-
tains Rb in an inactive/phosphorylated state; (2) loss or 
mutation of p16Ink4a CDK-inhibitor; (3) sequestration 
of Rb by oncoproteins, e.g., the human papilloma virus 
E7 protein; and (4) mutations of the Rb gene (Knudsen 
and Knudsen 2006).

E2F/DP complexes are key downstream mediators 
of the p16Ink4a/RB pathway. Six E2F-like proteins (E2F1 
to 6) have so far been identified and can be classified into 
two subgroups: (1) activating E2Fs (E2F1, E2F2, and 
E2F3 are strong transcriptional activators), and (2) re-
pressive E2Fs (E2F4, E2F5, and E2F6) that repress gene 
transcription. E2F/DP activity is essential for cell pro-
liferation, and its malfunction immediately provokes a 
senescence-like cell cycle arrest (Maehara et al. 2005). 
Overexpression of E2F1 induces apoptosis that is inde-
pendent of p53 (Holmberg et al. 1998).

2.3.2  
p53 and p53-Dependent Cell Cycle 
Checkpoints 

The p53 molecule appears to be the most important 
guardian of genome stability, and its multiple functions 
unite the regulation of cell cycle progression, DNA dam-
age detection, and apoptosis induction. p53 has tumor-
suppressor activity, and about 50% of tumors display 
inactivation of this gene. If p53 detects DNA damage, 
then it will stop cell cycle progression and allow time 
for DNA repair. If the repair mechanisms fail, then it 
will activate the expression of several genes involved 
in apoptosis in an attempt to counteract uncontrolled 
cell division, leading to tumorigenesis (Kim et al. 2006; 
Rowinsky 2005). Induction of p53-dependent apop-
tosis proceeds through the activation of mitochondrial 
apoptotic pathways with the release of cytochrome c 
from mitochondria, an event that triggers the apoptotic 
proteolytic cascade. 
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How does the p53-dependent pathway become ac-
tivated? In response to stress stimuli, p53, which nor-
mally resides in the cell at a low level, accumulates as a 
result of increased protein stability (Finlan and Hupp 
2005; Hsieh et al. 2002). The accumulation of p53 can 
be triggered by various signals, including DNA damage, 
hypoxia, and increased expression/activity of (proto-)
oncogenes. This initiates various cellular responses 
that lead to cell cycle arrest, senescence, differentiation, 
DNA repair, apoptosis, and/or inhibition of angiogen-
esis (Finlan and Hupp 2005; Giono and Manfredi 
2006). Most of these p53-mediated responses are car-
ried out via its activity as a transcription factor. p53 (1) 
induces cell growth arrest via the expression of p21, 
14-3-3s, Cdc25C, and GADD45; (2) activates DNA re-
pair by inducing the expression of p21, GADD45, and 
the p48 xeroderma pigmentosum protein; and (3) trig-
gers apoptosis by upregulating the transcription of Bax, 
PUMA, Noxa, p53-AIP, PIG3, Fas/APO1/CD95, and 
KILLER/DR5. These responses are regulated through 
different pathways and are highly dependent on the type 
and abundance of the specific trigger. For example, low 
levels of stress or DNA damage will secure levels of p53 
that induce growth arrest genes, but under aggravated 
cellular stress higher p53 levels will activate apoptotic 
pathways. Furthermore, posttranslational modifications 
of p53 are important for the final outcome of p53-me-
diated responses.

In tumor cells, p53 may cooperate with E2F1 to 
induce apoptosis. This capacity is independent of the 
transactivational function of E2F1, and may occur on 
interaction of E2F1 with p53 via its cyclin A domain. 
Cyclin A competes for this binding and, thus, the level 
of cellular cyclin A will affect the interaction between 
E2F1 and p53. In normal cells and in the presence of 
Rb, which downregulates E2F1, p53 stabilization in-
duced by DNA damage is unable to trigger apoptosis 
by proteins like E2F. In addition, mitogen-induced E2F 
will transcriptionally activate genes like cyclin A, and 
increased cyclin A protein content prevents E2F bind-
ing to p53. This explains why in normal cells a predomi-
nantly p53-dependent G1 arrest occurs but not apopto-
sis (Hsieh et al. 2002).

In cells with damaged DNA, p53 prevents the ini-
tiation of DNA replication at the G1–S checkpoint by 
activating the expression of the CDK-inhibitor p21Waf1, 
which inhibits Rb phosphorylation (Finlan and 
Hupp 2005; Giono and Manfredi 2006). In addi-
tion, expression of p21Waf1 induces growth arrest at G1 
and G2 phases (Giono and Manfredi 2006). DNA 
damage-induced G1 arrest consists of two phases with 
the first phase being independent of p53. The second 

p53-dependent phase involves the p53-activating ki-
nases ATM, ATR, and Chk2. Thus, it is proposed that 
p53 is more important for the maintenance rather 
than for the induction of G1 arrest. p53-dependent ar-
rest in G1 extends the Cdc25A-mediated delay in cell 
cycle progression and provides the cell with sufficient 
time to repair damaged DNA. During the S phase, an 
isoform of p53 (∆p53) causes cell cycle arrest by bind-
ing to p21Waf1 and 14-3-3s growth arrest genes, but not 
the apoptotic PIG3 gene (Giono and Manfredi 2006). 
p53 also prevents aneuploidy by blocking endoredupli-
cation of tetraploid cells that result from mitotic failure 
(Giono and Manfredi 2006). p53 can directly interact 
with proteins involved in DNA repair and a variety of 
DNA structures, acting as a sensor of damage or mis-
match. Furthermore, p53 binds to double-stranded and 
single-stranded DNA in a nonspecific way, to ends of 
double-strand breaks, to Holliday junctions, and to 
DNA bulges caused by DNA mismatches (Giono and 
Manfredi 2006).

2.3.3  
Role of Cyclin-Dependent Kinases 
in the Regulation of Cell Cycle and Apoptosis

CDKs form a group of heterodimeric serine/threo-
nine kinases that regulate cell cycle progression. CDKs 
form complexes with cyclins, which act as activating 
partners. CDKs, cyclins, and CDK inhibitors act in a 
coordinated manner to achieve cellular homeostasis. 
Mutations within genes encoding for CDKs and/or as-
sociated cyclins have been often found in tumors and 
neurodegenerative disorders, since CDKs have also cell 
cycle-unrelated functions in neurons.

CDK1 is the only nonredundant CDK family mem-
ber. It is involved in the G2–M transition and has a func-
tion in mitosis. Inhibitors of CDK1 arrest the cell cycle 
at the G2–M transition (Gray et al. 1999). CDK1 exerts 
its effects on the cell cycle by phosphorylating a number 
of protein substrates involved in cell cycle regulation.

CDK2 form complexes with E-type and A-type cy-
clins. CDK2/cyclin E plays a redundant role in the G1–S 
transition. Unlike CDK1–/– mice, CDK2 knockout mice 
are viable, though females and males remain infertile, 
which indicates that CDK2 plays a nonredundant role 
in gametogenesis and meiosis, whereas its role in cell 
proliferation appears redundant (Berthet et al. 2003; 
Ortega et al. 2003). Hence, it has been described re-
cently that CDK1/cyclin E complexes can compensate 
for the absence of CDK2 activity (Aleem et al. 2005; 
Kaldis and Aleem 2005).
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Beside their role in cell cycle, some CDKs are also 
involved in cell death. CDK1 activity has been ob-
served in cells triggered to die with granzyme B (Shi 
et al. 1996), perforin, fragmentin-2, and camptothecin 
(Borgne and Golsteyn 2003; Shimizu et al. 1995). 
Exposure of tumor cells to CDK1 inhibitors for longer 
than 24 h induces apoptosis (Vassilev et al. 2006). In 
noncycling G1, CD4+CD8+ thymocytes triggered to die 
by various stimuli such as dexamethasone, heat shock, 
γ-irradiation, or Fas/CD95 cross-linking, CDK2 activ-
ity was increased indicating its role in thymocyte selec-
tion (Hakem et al. 1999). CDK2 also plays a key role 
in tumor cell-selective induction of apoptosis triggered 
by the viral protein apoptin, which is also phospho-
rylated and activated by CDK2 (Maddika et al., un-
published).

2.4  
Stem Cell Proliferative Potential 
and Plasticity, and Their Contribution 
to Tumor Development

Stem cells have attracted significant attention in recent 
years due to their enormous potential in regenerative 
medicine. Their capacity for endless self-renewal and 
plasticity makes them ideal tools for the treatment of 
a number of diseases. Unfortunately, the same qualities 
make them precursors for the development of cancer 
cells if their cell cycle control fails and/or their differen-
tiation programs go astray. Thus, cancer could be per-
ceived as a disease of stem cells (Hombach-Klonisch 
et al. 2008). So far, stem cells are still largely defined by 
their capacity to (re-)colonize a given tissue niche, or 
initiate tumor growth (cancer stem cells), as only few 
molecular markers of “stemness” exist. Among them, 
the transcription factors Oct3/4 (POU5F1/Oct 4) is 
perceived as one of the best indicators of stemness (de 
Jong and Looijenga 2006). Apart from its presence in 
the embryo and germ cells, Oct3/4 expression in non-
malignant cells is restricted to tissue-committed pluri-
potent cells. Oct3/4, together with Nanog and Sox2, are 
reliable markers in germ cell tumor diagnostics. These 
markers are widely expressed in lesions that may initi-
ate gonadoblastoma and carcinoma in situ, as well as in 
invasive embryonal carcinoma and seminomas. Other 
markers worth considering, especially with respect to 
hematopoietic stem cells are the members of SLAM 
family, CD150 and CD48.

Pluripotency and plasticity are prominent properties 
of embryonic stem cells. Adult stem cells are thought 
to be restricted in their differentiation potential to the 

progeny of the tissue in which they reside. When parts 
of an organ are transplanted to a new site, the trans-
planted tissue preserves its original character. Similarly, 
cells dissociated from an organ or tissue, tend to main-
tain elements of their previous phenotype in culture. 
Despite losing some of their properties, these cells tend 
to preserve characteristics of the original differentiated 
cell lineage. However, plasticity in the differentiation 
potential of stem cells derived from adult tissues has re-
cently been reported (Wagers and Weissman 2004). 
Moreover, murine bone marrow-derived cells may give 
rise to skeletal muscle cells when transplanted into 
damaged mouse muscle (Ferrari et al. 1998). Thus, 
transplanted bone marrow cells can generate a wide 
spectrum of different cell types, including endothelial, 
myocardial (Lin et al. 2000; Orlic et al. 2001), hepatic 
(Petersen et al. 1999), neuronal, and glial cells (Bra-
zelton et al. 2000; Mezey et al. 2000; Priller et al. 
2001). Furthermore, hematopoietic stem cells may pro-
duce cardiac myocytes and endothelial cells (Jackson 
et al. 2001), epithelial cells of the liver, gut, lung, and 
skin (Krause et al. 2001), and even functional hepato-
cytes (Lagasse et al. 2000). Mesenchymal stromal cells 
of the bone marrow are able to generate brain astro-
cytes (Kopen et al. 1999), and enriched stem cells from 
murine adult skeletal muscle can produce blood cells 
(Gussoni et al. 1999; Jackson et al. 1999; Pang 2000).

In the majority of these plasticity studies performed 
in the murine system, genetically marked cells from one 
organ apparently gave rise to cell type characteristics of 
other organs, after transplantation. This suggests that 
even cell types once perceived as terminally differenti-
ated exhibit considerable plasticity in their developmen-
tal potential. Pluripotent primitive stem cells present 
in a very low number in most tissues may explain the 
acquisition of an unexpected phenotype. Recently, non-
hematopoietic cell populations from bone marrow and 
umbilical cord blood were enriched by in vitro culture 
and had the potential to differentiate into derivatives of 
all three germline layers with meso-, endo-, and ecto-
dermal characteristics (D’Ippolito et al. 2004; Kogler 
et al. 2004; Yoon et al. 2005). Known as multipotent 
adult progenitor cells, these cells contributed to most if 
not all somatic cell lineages, including brain cells, when 
injected into a murine blastocyst (Jiang et al. 2002; 
Reyes et al. 2001). They express Oct4, a transcription 
factor required for undifferentiated embryonic stem 
cells maintenance (Nichols et al. 1998), at levels ap-
proaching those of embryonic stem cells. Multipotent 
adult progenitor cells do not express the two transcrip-
tion factors Nanog and Sox2, which play a major role in 
embryonic stem cell pluripotency (Boyer et al. 2005; 
Chambers et al. 2003). This expression profile may 
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help to explain the fact that the use of embryonic stem 
cells, but not multipotent adult progenitor cells, carries 
the risk of tumor development post-transplantation.

2.5  
Cell Survival and Proliferation  
Signaling Pathways Active in Cancer 
and Their Role in Tumor Growth

Several pathways, when deregulated may induce un-
controlled proliferation. Due to the space constrains, we 
use Abl, PI3-K/Akt, and EGFR pathways as examples to 
illustrate common phenomena related to uncontrolled 
proliferation and malignancy development.

2.5.1  
Abl Pathway

The Abl kinase is encoded on the long arm of chromo-
some 9, a locus frequently involved in a translocation 
with chromosome 22. This Philadelphia translocation 
(Ph1) t(9; 22) (q34, q11) leads to the development of 
chronic myeloid leukemia (CML) (Bartram et al. 1983; 
Heisterkamp et al. 1988). Abl is a 145-kD protein with 
two isoforms derived by alternative splicing of the first 
exon. It is highly homologous to the kinase encoded by 
the Abelson murine leukemia virus (Abelson and Rab-
stein 1970). Human Abl is ubiquitously expressed, lo-
calizes to different cellular compartments (Baltimore 
et al. 1995; Laneuville 1995), and as a multidomain 
protein, is engaged in different functions (Fig. 2.1). At 
its NH2 terminus, Abl protein contains three SRC ho-
mology domains (SH1–SH3). The SH1 domain of Abl 

has tyrosine kinase activity, whereas the SH2 and SH3 
domains serve as protein–protein interaction motifs. 
The proline-rich sequences in the central part of the Abl 
molecule can interact with SH3 domains and have in-
hibitory roles (Alexandropoulos et al. 1995; Feller 
et al. 1994). Nuclear localization signals and the DNA-
binding and actin-binding motifs are found close to the 
C-terminal part of the Abl molecule (McWhirter and 
Wang 1993; Van Etten et al. 1989). 

The Abl protein is involved in numerous processes, 
including cell cycle regulation, the response to genotoxic 
stress, and integrin signaling relaying information on 
cell density and other cellular environment-related sig-
nals (Kipreos and Wang 1990; Van Etten 1999). Nu-
merous domains within the Abl molecule allow forma-
tion of multiprotein complexes. For example, the Cables 
protein links Abl to CDK5 and to N-cadherin-depen-
dent signaling pathways (Rhee et al. 2007; Zukerberg 
et al. 2000). Thus, within cells Abl protein acts as an in-
tegrating element for complex extra- and intracellular 
environmental scenarios, thus, significantly influencing 
the cellular decision making with respect to cell cycle 
progression and apoptosis. 

Abl is a highly regulated kinase. In its inactive form, 
the SH3 domain interacts with its internal proline rich 
region (“internal substrate” binding) (Goga et al. 1993). 
Concurrently, structural alterations occur as a conse-
quence of the formation of Bcr-Abl chimeric protein 
rendering this chimeric kinase constitutively active.

Several proteins have been identified that bind to 
the SH3 domain of Abl (Cicchetti et al. 1992; Shi 
et al. 1995). Two proteins, Abi-1 and Abi-2 (Abl inter-
acting proteins 1 and 2) were shown to have inhibitory 
functions on Abl by interacting with the SH3 domain of 
Abl protein. Activated Abl normally counteracts their 
inhibitory action by promoting proteasome-mediated 

Fig. 2.1. ABL protein—structural features. Both isoforms of 
p145-ABL are indicated. Type 1b ABL has a myristoylation 
(myr) consensus site. The three SRC-homology (SH) domains 
situated near the NH2 terminus. In ABL, the Tyr-393 (Y393) is 
a major site for autophosphorylation within the kinase domain. 

The proline-rich regions (PxxP) are capable of binding to SH3 
domains of other proteins. The position of the breakpoint in 
the BCR-ABL fusion protein is indicated by a blue arrow. (See 
main text for detailed description)
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degradation of Abi-1 and Abi-2 (Dai et al. 1998). It 
has also been reported that the degradation of Abi-1 
and Abi-2 occurs in Philadelphia chromosome posi-
tive acute leukemia but not in the Philadelphia-negative 
disease phenotype. Abl may also be inhibited by Pag/
Msp23 that becomes oxidized and dissociates from Abl 
on exposure of cells to oxidative stress and/or ionizing 
radiation (Wen and van Etten 1997).

2.5.1.1  
BCR-ABL Chimeric Oncoprotein 
and Its Oncogenic Effects

BCR-ABL is the causative oncogenic factor in Phila-
delphia chromosome–positive chronic myelocytic leu-
kemias. In this fusion protein, the N terminus of BCR 
(breakpoint cluster region) is joined head-to-tail with 
the N-terminal portion of ABL, creating the P210BCR-
ABL phosphoprotein with tyrosine kinase activity. The 
breakpoints within the Abl gene at 9q43 may occur any-
where within a region spanning about 300 kb at the 5' 
end of Abl either downstream or upstream of the first al-
ternative exon Ib (Melo 1996). Regardless of the precise 
location of the breakpoint, the primary hybrid transcript 
yields an mRNA in which Bcr sequences are fused to Abl 
exon a2 (Melo 1996). In a sharp contrast to Abl splic-
ing, the breakpoints within Bcr localize to three break-
point cluster regions (BCR). These breaks may occur in 
an area spanning 5.8 kb in the Bcr exons 12–16 (exons 
b1–b5) and is called the major breakpoint cluster region 
(M-Bcr). Because of this alternative splicing, fusion tran-
scripts with either b2a2 or b3a2 junctions can be formed 
(Fig. 2.2). This chimeric mRNA is translated into a 210-
kDa chimeric protein (p210BCR-ABL) in patients with 

Ph+ CML and about one third of the patients with Ph+ 
acute lymphatic leukemia (ALL) (van Rhee et al. 1996). 
In the remaining Ph+ ALL patients (and a small number 
of patients with CML), the breakpoints are in the alter-
native Bcr exons e2´ and e2 (minor breakpoint cluster 
region, or m-BCR), and the e1a2 fusion mRNA is trans-
lated into a 190-kDa protein kinase (p190BCR-ABL) re-
sponsible for the characteristic disease phenotype (Ra-
vandi et al. 1999; van Rhee et al. 1996).

The fusion of BCR protein fragment to the ABL SH3 
domain interferes with the physiological negative regu-
latory signals of ABL (Afar et al. 1994). The BCR-ABL 
fusion protein is a potent tyrosine kinase that may also 
undergo autophosphorylation resulting in higher affinity 
for the SH2 domains of interaction partners. A number 
of substrates are phosphorylated by BCR-ABL largely in 
a tissue-dependent manner. For example, CRKL is the 
major tyrosine-phosphorylated protein in neutrophils 
of CML patients, whereas phosphorylated p62-DOK is 
predominantly found in early hematopoietic progenitor 
cells (Clarkson et al. 1997; Oda et al. 1994). Other ex-
amples of BCR-ABL substrates are listed in Table 2.1.

ABL, and to a lesser extend BCR-ABL, are regu-
lated by tyrosine phosphatases like PTP1B, Syp83, and 
Shp1. The PTP1B levels increase in a kinase-dependent 
manner, and in fibroblasts, the transforming effect of 
BCR-ABL is impaired by the overexpression of PTP1B. 
PTP1B recognizes p210BCR-ABL as a substrate, dis-
rupts the formation of a p210BCR-ABL/Grb2 complex, 
and inhibits downstream signaling events (LaMon-
tagne et al. 1998). Shp1, which interacts with ABL/
BCR-ABL via SH2 domain, is a major inhibitory media-
tor of BCR-ABL. Shp1 levels are markedly decreased in 
blast crisis or advanced phase of CML due to posttran-
scriptional modifications (Amin et al. 2007).

Fig. 2.2. BCR-ABL fusion proteins. Posi-
tions of the fusions between Bcr and Abl, 
and schematic depiction of the generated 
chimeric mRNA
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Table 2.1. BCR-ABL substrates and their key functions

substrate Phosphorylated site Description Literature

Bap-1 – 14-3-3 protein Reuther et al. 1994

Cbl – Unknown Andoniou et al. 1994

Caspase 9 Tyr-153 Apoptosis Raina et al. 2005

CD19 Tyr-508 BCR co-receptor Zipfel et al. 2000

CrkL – Adapter protein Oda et al. 1994

Crk Tyr-221 Adapter protein Feller et al. 1994

DNA-PK Not mapped Protein kinase Kharbanda et al. 1997

Dok1 Tyr-361 Docking protein Woodring et al. 2004

Fak – Cytoskeleton/cell membrane Gotoh et al. 1995

Fes – Myeloid differentiation Ernst et al. 1994

Fe65 Tyr-547 Adapter protein Perkinton et al. 2004

GAP-associated proteins – Ras activation Druker et al. 1992

Hdm2, Mdm2 Tyr-394 Cell cycle regulation Goldberg et al. 2002

HPK1/p62DOK Not mapped Hematopoietic progenitor 
kinase

Ito et al. 2001

MEKK1, MAP3K1 Not mapped Serine/threonine kinase Kharbanda et al. 2000b

Paxillin – Cytoskeleton/cell membrane Salgia et al. 1995b

PLCγ Tyr-69/Tyr-74 Phospholipase Gotoh et al. 1994a

PI3-K p85 – Serine kinase Skorski et al. 1995

PKD Tyr-463 Protein kinase Storz et al. 2003

p73 – Transcription activation Agami et al. 1999

Rad9 Tyr-28 DNA damage repair Yoshida et al. 2002

Rad51 Tyr-54 DNA damage repair Yuan et al. 1998

Ras-GAP – Ras-GTPase Gotoh et al. 1994b

RNA-Pol II C terminus RNA polymerase Baskaran et al. 1993

RAFT1, FRAP1 Not mapped Rapamycin associated protein Kumar et al. 2000

Shc – Adapter Matsuguchi et al. 1994

Syp Cytoplasmic phosphatase Tauchi et al. 1994

Talin – Cytoskeleton/cell membrane Salgia et al. 1995a

hTERT Not mapped Telomerase reverse transcrip-
tase

Kharbanda et al. 2000a

p95-Vav – Hematopoietic differentiation Matsuguchi et al. 1995

Tumor Growth and Cell Proliferation 27



BCR-ABL plays the key role in CML pathogenesis, 
wherein the ABL kinase activity is deregulated (see 
above) and the fusion protein BCR-ABL is hyperauto-
phosphorylated and active (Skorski et al. 1998). Thus, 
the activity of a number of downstream signal transduc-
tion pathways is altered, leading to a series of changes in 
the cell behavior, which include altered adhesion prop-
erties, degradation of inhibitory proteins, activation of 
mitogenic signaling, and inhibition of apoptosis (Bedi 
et al. 1994; Gordon et al. 1987). CML progenitor cells 
adhere only loosely to bone marrow stromal cells and 
extracellular matrix, thus, are less sensitive to stromal 
negative proliferative signals (Gordon et al. 1987). De-
pending on the specific extracellular environment, in-
tegrins initiate defined signaling events in cells (Lewis 
et al. 1996). In CML, an adhesion-inhibitory variant 
of β-integrin is expressed that is not found in normal 
progenitor cells (Verfaillie et al. 1997). Therefore, in 
CML cells, the expression of this abnormal integrin vari-
ant prevents inhibitory signaling and facilitates tumor 
cell proliferation. Adding to this vicious cycle, in the 
presence of active BCR-ABL the inhibitory endogenous 
proteins Abi-1 and Abi-2 are more rapidly degraded via 
proteasome-dependent pathway (Dai et al. 1998). 

2.5.1.2  
Major Signal Transduction Pathways 
Activated by ABL/BCR-ABL

BCR-ABL undergoes uncontrolled autophosphoryla-
tion and activates downstream cell growth, prolifera-
tion, and anti-apoptotic pathways (Fig. 2.3; Table 2.1). 
CRK and CRKL are among the most prominent ty-
rosine-phosphorylated proteins in BcrAbl-transformed 
cells (ten Hoeve et al. 1994). The stromal cell-derived 
factor-1α (SDF-1α) is a potent chemoattractant for he-
matopoietic progenitor cells. Modulation of VLA-4-
mediated CD34+ bone marrow cell adhesion by SDF-1α 
plays a key role in the migration of hematopoietic 
progenitor cells within and to the bone marrow. BCR-
ABL markedly inhibits SDF-1α-mediated chemotactic 
response by a downregulation of the seven transmem-
brane-spanning SDF-1α receptor CXCR4 (Geay et al. 
2005; Hidalgo et al. 2001). Activation of the Sapk/Jnk 
pathway by BCR-ABL is also required for malignant 
transformation (Kang et al. 2000). Constitutive phos-
phorylation of the STATs, particularly STAT5 activa-
tion, contributes to the clonal malignant transformation 
(Danial and Rothman 2000). Also, PI3-K is phospho-
rylated by BCR-ABL, leading to transactivation of the 
serine/threonine kinase AKT (Fig. 2.3) (Arslan et al. 
2006; Burchert et al. 2005).

2.5.2  
PI3-K/Akt Pathway

The phosphoinositol-3-kinase (PI3-K)/Akt signaling 
pathway is a major prosurvival pathway within the cell. 
Activated by a number of cellular stimuli and external 
signals, this pathway regulates key cellular functions 
such as proliferation, growth, transcription, translation, 
cell cycle, and apoptosis (Cantley 2002; Maddika 
et al. 2007a). Notably, PI3-K/Akt signaling is frequently 
disrupted in human cancers and plays a major role not 
only in tumor growth, but also in the response to can-
cer treatment (Vivanco and Sawyers 2002). PI3-K is 
a heterodimer composed of a catalytic subunit (p110) 
and a regulatory subunit (p85). The p85 subunit and 
the p85/p110 dimer can both repress or activate kinase 
activity of the complex, depending on its conformation. 
PI3-K may be activated by several mechanisms. The 
most common ones involve signals generated by recep-
tor tyrosine kinase dimerization; alternatively, activa-
tion is achieved by intracellular nonreceptor tyrosine 
kinases. PI3-K converts the lipid phosphatidylinosi-
tol(4,5) P2 to phosphatidylinositol(3,4,5) (PIP3) P3. 
The serine/threonine kinases PDK1 (3'-phosphoinosit-
ide-dependent kinase 1) and AKT (PKB) are than re-

Bcr-Abl
P

P P
Tyr177 Tyr245

CrkL STAT5

Tyr207 Tyr694P
P

PI3-K

Akt

CML, (ALL)

Uncontrolled proliferation

Fig. 2.3. Major signaling pathways activated by BCR-ABL. 
Multiple signaling pathways become activated by the consti-
tutively active chimeric fusion oncoprotein. (See main text for 
further details)
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cruited to PIP3 via their PH domains. Subsequently, 
AKT is activated by PDK1 through phosphorylation 
at Ser-473 and Thr-308 (Cuevas et al. 2001; Fruman 
et al. 1998). PTEN (phosphatase and tensin homolog, 
also known as MMAC1, for mutated in multiple ad-
vanced cancers) negatively regulates the PI3-K/AKT 
pathway by dephosphorylating PIP3 to PIP2 (Stam-
bolic et al. 1998). PTEN is very frequently mutated in 
cancer (Ali et al. 1999). Activated AKT regulates nu-
merous pathways and likely interacts with up to about 
900 potential substrates in a cell, both in the cytoplasm 
and the nucleus. Here we discuss only selected AKT 
substrates that are involved in survival, cell cycle, and 
apoptosis.

2.5.2.1  
Anti-Apoptotic Actions of AKT

AKT regulates cell survival by phosphorylating differ-
ent substrates that directly or indirectly regulate the 
apoptotic program. The targets for AKT in this context 
involve the phosphorylation of BAD (a pro-apoptotic 
Bcl2 family member), caspase-9, IKK, FKHRL1 (a 
fork-head transcription factor), MDM2 (negative regu-
lator of p53), and cyclic AMP response element-bind-
ing protein. When phosphorylated at Ser-136, BAD 
no longer efficiently interacts with anti-apoptotic Bcl2 
family members such as Bcl-xL (Datta et al. 1997). 
Phosphorylation of caspase-9 at Ser-196 causes the 
inhibition of its proteolytic activity (Cardone et al. 
1998). Phosphorylated fork-head transcription fac-
tor FKHRL1 can no longer support the transcription 
of its pro-apoptotic targets FasL, Bim, IGFBP1, and 
Puma (Brunet et al. 1999; Guo et al. 1999; Kops et al. 
1999; You et al. 2006). On the other hand, AKT pro-
motes cell survival by phosphorylating IKKα, leading 
to the activation of NF-κB, which in turn phospho-
rylates and triggers the degradation of IκB, an NF-κB 
inhibitor (Kane et al. 1999; Romashkova and Ma-
karov 1999). This leads to further elevation in tran-
scription of NF-κB-dependent survival genes (Bcl-xL, 
Bcl2, c-FLIP, c-IAPs) (Catz and Johnson 2001; Lee 
et al. 1999). Furthermore, AKT-mediated phosphoryla-
tion of cyclic AMP-response-element-binding protein 
(CREB) enhances survival by increasing transcription 
of prosurvival genes like Mcl-1, Bcl2, and Akt itself (Pu-
gazhenthi et al. 2000; Reusch and Klemm 2002). 
In addition, Akt phosphorylation of p53 enhances its 
degradation, promotes p53 nuclear localization and its 
binding to its inhibitor MDM2 (Mayo and Donner 
2001).

2.5.2.2  
Role of PI3-K/Akt  
Pathway in Cell Cycle Progression

The activity of PI3-K pathway occurs at two phases 
of the cell cycle, during the early G1 phase and in the 
late S phase (Jones et al. 1999; Maddika et al. 2007a). 
During G1–S phase transition, the PI3-K/Akt pathway 
phosphorylates multiple substrates including cyclin D, 
c-Myc, p27Kip1, and p21Waf1. GSK3β, a kinase downstream 
in PI3-K/Akt pathway, phosphorylates cyclin D1 at Thr-
286 (Diehl et al. 1998) and c-Myc at Thr-58 (Gregory 
et al. 2003), which direct them for degradation via the 
ubiquitin-dependent pathway. By phosphorylating and 
inactivating GSK3β, AKT prevents the degradation and 
cytoplasmic relocation of cyclin D1 and c-Myc, thus, 
facilitating G1–S transition. Another way for AKT to 
regulate G1–S transition is by affecting at the transcrip-
tional and the posttranslational levels the presence of the 
cell cycle inhibitors p27Kip1 and p21Waf1. AKT enhances 
degradation of p27 in a proteasome-dependent manner 
by upregulating Skp2 mRNA levels, a key component of 
the SCF/SKP2 ubiquitin ligase that mediates p27 degra-
dation in a cyclin E/CDK2-dependent phosphorylation 
(Hara et al. 2001; Pagano et al. 1995). AKT-mediated 
phosphorylation of p27 at Thr-157 also causes the re-
location of p27 to the cytoplasm. This relieves nuclear 
substrates like CDK1 from p27-mediated inhibition 
and enhances cell cycle progression (Shin et al. 2002). 
Degradation of p27 is also regulated and dependent on 
AKT-mediated phosphorylation of its Thr-157 residue 
(Maddika and Los, unpublished). AKT phosphory-
lates FKHRL1 and inhibits its transcriptional activity, 
which results in the downregulation of p27 transcrip-
tion (Medema et al. 2000). AKT also phosphorylates 
another cell cycle inhibitor, p21, at neighboring resi-
dues Thr-145 and Ser-146, promoting cell cycle pro-
gression. Phosphorylation of Thr-145 residue in p21 
by AKT results in the cytoplasmic localization of p21 
(Zhou et al. 2001). Phosphorylation of p21 at Ser-146 
enhances the stability of the protein and increases the 
assembly of cyclin D/CDK4 complexes, thus, support-
ing G1–S transition (Li et al. 2002b). Regulation of p21 
at the transcription level by AKT also involves FKHRL1 
(Maddika and Los, unpublished). In addition, AKT 
plays the role in S/G2 transition by phosphorylation 
of CDK2 at Thr-39. This AKT-mediated phosphoryla-
tion event enhances cyclin A binding but is dispensable 
for CDK2 basal binding and kinase activity (Maddika 
et al. 2008b). Although the PI3-K/Akt pathway is mostly 
reported to be required for G1–S progression, there 
have been few studies suggesting a role for this pathway 
in G2–M progression (Shtivelman et al. 2002). It was 
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shown that AKT activation could overcome a G2–M 
cell cycle checkpoint induced by DNA damage (Kan-
del et al. 2002). Though PI3-K/AKT activity might be 
important for G2–M progression, it must be transiently 
inactivated later for proper mitotic exit. The constitu-
tive activation of this pathway leads to G2–M cell cycle 
arrest in an FKHRL1/cyclin B/PLK dependent manner 
(Alvarez et al. 2001).

2.5.2.3  
Role of PI3-K/Akt  
Pathway in Cell Death

Although the PI3-K/Akt pathway is a promoter of cell 
proliferation and cell survival, under defined condi-
tions, the PI3-K/Akt pathway is also involved in pro-
moting cell death. The activation of PI3-K/Akt has been 
observed in some experimental systems on induction 
of apoptosis by selected stimuli like CD95, cisplatin, 
arsenite, TNF, serum withdrawal, hypoxia (Aki et al. 
2001, 2003; Bar et al. 2005; Lee et al. 2005; Lu et al. 
2006; Nimbalkar et al. 2003; Ono et al. 2004; Shack 
et al. 2003). Recent data also indicate that apoptin, a vi-
ral protein that selectively kills cancer cells, requires for 
its toxicity both PI3-K/Akt activation and the phospho-
rylation by CDK2 (Maddika et al. 2008a).

2.5.3  
ErbB Pathway

Epidermal growth factor (EGF) promotes survival 
and stimulates growth and differentiation of epithelial 
cells. EGF receptor signaling is also involved in cardiac 
and neural development, glial cell development, and 
later stages of mammary gland development during 
pregnancy (Yarden 2001). The EGF-like growth fac-
tor family includes heparin-binding EGF (HB-EGF), 
transforming growth factor-alpha (TGF-α), heregulin/
neuregulins 1–4, betacellulin, cripto, epiregulin, epigen, 
and amphiregulin (Bell et al. 1986). EGF family li-
gands preferably bind to specific EGF receptors, named 
ErbB1 to -4, and induce homo- and heterodimerization 
and autophosphorylation. The tissue-specific expres-
sion pattern of the EGF-like ligands and ErbB1 to -4 
determine the effects on cell growth and differentiation 
(Massague and Pandiella 1993). Enhanced tumor 
malignancy and shorter survival periods are positively 
correlated with the expression of EGF-like ligands and 
ErbB and are poor prognostic markers for a number 
of malignancies of epithelial origin (Normanno et al. 
2006).

The ErbB family includes four closely related 
transmembrane tyrosine kinases: ErbB1/EGFR, 
ErbB2/HER2/neu, ErbB3/HER3, and ErbB4/HER4. 
On interaction with their ligands, ErbB receptors form 
either homo- or heterodimers that activate the recep-
tor tyrosine kinases. EGF-like ligands interact with 
ErbB1, heregulin/neuregulin-like ligands interact with 
ErbB3 and ErbB4, and EGF, and neuregulin-like li-
gands interact with ErbB1 and ErbB4. ErbB2 has only 
been detected in heterodimer combinations, and ErbB3 
possesses no endogenous autophosphorylation activity, 
thus, requires one of the other ErbB receptors for phos-
phorylation (Massague and Pandiella 1993).

Mice lacking EGF receptors developed defects in 
the epithelium of various organs. ErbB1 deficiency 
leads to embryonic or perinatal lethality with ErbB1–/– 
mice showing abnormalities in multiple organs. ErbB2 
knockout mice die during midgestation, due to malfor-
mation of the heart. Similarly, ErbB3 knockout mice die 
due to defective valve formation in the heart as well as 
neural crest defects and lack of Schwann cell precursors 
(Olayioye et al. 2000).

EGF receptors show homology with the v-erbB on-
cogene. Amplification or overexpression of ErbB2 is 
observed in breast and ovarian cancer, and correlates 
with poor clinical outcome. Abnormal ErbB2 activa-
tion is associated with drug resistance through the im-
pairment of both the extrinsic and intrinsic apoptotic 
signaling pathways, and may promote micrometastatic 
bone marrow disease. Activating mutations within the 
ErbB tyrosine kinase domain also have transforming 
potential. Found in certain breast and ovarian cancers, a 
point mutation within the transmembrane region of the 
ERBB2 gene facilitates dimerization in the absence of li-
gand (Mendelsohn and Baselga 2000). This induces 
ligand-independent autophosphorylation with consti-
tutive receptor activation and autonomous prosurvival 
and proliferation-enhancing signal transduction.

2.6  
Tumor Biology and Future Therapies

Therapeutic approaches based on targeting growth 
and survival signaling pathways have been established. 
Novel targeted cancer therapies aim at the correction 
(mostly inhibition) of signaling pathways, which are 
dysregulated in cancer. Tyrosine kinases are frequently 
deregulated in cancer cells, making them attractive ther-
apeutic targets. Table 2.2 provides examples of antican-
cer agents aimed at targeted therapeutic intervention in 
cancer. The kinase inhibitor Gleevec® (Imatinib mesy-
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late, STI571) is an example of selective targeting of the 
constitutively active fusion oncoprotein BCR-ABL for 
the treatment of CML. The Gleevec® molecule occupies 
the active site of the ABL protein, thus, preventing ATP 
from binding. Without ATP as a phosphate donor, ABL 
is unable to phosphorylate its substrates (Kantarjian 
and Talpaz 2001). Gleevec may also be used in can-
cers with hyper-activated platelet-derived growth factor 
receptor (PDGFR). Angiogenesis is essential for tumor 
growth and disrupting angiogenesis is an effective ap-
proach to reduce tumor mass, although complete cure 
is impossible with anti-angiogenic therapy alone. In a 
squamous cell carcinoma model, endostatin a natural 
anti-angiogenic protein that inhibits vascular endothe-
lial growth factor (VEGF) was much more effective in 
combination with other chemotherapeutic drugs than 
was each of these components alone (Li et al. 2002a). 
PTK787 (vatalanib, VEGF inhibitor) is at the stage of 
clinical trials, while SU11248 (sunitinib malate, VEGF, 
and PDGF inhibitor) has been approved for treatment 
of metastatic kidney cancer. These drugs have anti-an-
giogenic effects because in many types of tumors VEGF 
and PDGF promote the development of new blood ves-
sels. Since ErbB signaling is also involved in regulation 
of VEGF and angiogenesis, ErbB inhibitors such as Her-
ceptin®, a monoclonal blocking antibody against ErbB2, 

have anti-angiogenic and anti-proliferative properties 
(Izumi et al. 2002). Competitive tyrosine kinase in-
hibitors for EGF receptors have been designed as ex-
perimental anticancer drugs. Quinazoline compounds 
competitively inhibit ATP-binding sites and are orally 
active, potent, and selective tyrosine kinase inhibitors. 
Breast cancer patients with ErbB2 overexpression have 
a poor prognosis and, therefore, tyrosine kinase inhibi-
tors have been tested for the treatment of breast cancer. 
Kinase inhibitors ZD1839 and OSI-774 (EGFR specific) 
and the pan-Her inhibitor CI-1033, which inhibits all 
four ErbB receptors, have intensively been studied. 
Blockage of EGFR by ZD1839 (Gefitinib, Iressa®) pre-
vents transactivation of ErbB2 and improves response 
rates to Herceptin® in the treatment of Herceptin®-
resistant tumors. Phase I/II clinical studies showed 
partial responses for colon and renal cancer and stable 
disease in prostate, cervical, and head and neck cancers 
(Nahta et al. 2003a). ZD1839 also has been shown to 
block the action of the EGF receptors in non-small cell 
lung cancer, where it has been tested in phase III stud-
ies. When used in combination with radiotherapy on 
human colorectal cancer xenograft models, ZD1839 
showed significant tumor growth inhibition (Williams 
et al. 2002). Other tyrosine kinase inhibitors have been 
tested for inhibition of ErbB receptor kinases. CI-1033 

Table 2.2. Anticancer drugs that target growth factor-mediated cell survival pathways

target Drug name Drug type

ABL, BCR-ABL, KIT, PDGFR Gleevec® (Imatinib) Small-molecule tyrosine kinase inhibitor

CDK1, CDK2 Roscovitine (CYC202) Small-molecule serine/threonine kinase inhibitor

ErbB2 (HER2/neu) Trastuzumab (Herceptin®) Monoclonal antibody

ErbB1 (EGFR; HER1) Cetuximab (IMC-C225) Monoclonal antibody

ErbB1 (EGFR; HER1) ABX-EGF Small-molecule tyrosine kinase inhibitor

ErbB1 (EGFR; HER1) Iressa® (ZD1839) Small-molecule tyrosine kinase inhibitor

ErbB1 (EGFR; HER1) Tarceva® (CP358) Small-molecule tyrosine kinase inhibitor

All ErbB receptors (pan-HER inhibitor) CI-1033 Small-molecule tyrosine kinase inhibitor

HDAC SAHA or Depsipeptide Modified peptide

PDGFR SU-101 Small-molecule tyrosine kinase inhibitor

PKC UNC-01 Small-molecule kinase inhibitor

PKC-α ISIS-321 Antisense oligonucleotide

VEGF, PDGFR PTK787 or SU11248 Small-molecule kinase inhibitor
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irreversibly inhibits a catalytic site present in all ErbB1 
to -4 receptors. Both CI-1033 and PD168393 are effec-
tive against the ErbB1 and ErbB2 receptors. Clinical 
trials with CI-1033 are being conducted on metastatic 
breast cancer patients resistant to Herceptin® therapy. 
PD153035, CP-358,774, and AG1478 also inhibit recep-
tor tyrosine kinase activity and proliferation of tumor 
cells that highly express EGF receptors (Mendelsohn 
2001). SU-101 inhibits the kinase activity of the PDGF 
receptor and is in phase II of clinical trial, e.g., for the 
treatment of glioblastomas (Gibbs 2000).

Since PTEN phosphatase is among the most fre-
quently inactivated proteins in cancer, the PI3-K/Akt 
pathway inhibitors have been investigated for cancer 
treatment. Most likely due to the versatility of the path-
way, targeting of the PI3-K/Akt pathway has only been 
of very limited success. Wortmannin, a fungal metabo-
lite, is a potent inhibitor of PI3-K. When administered 
to SCID mice harboring xenografts of human or mu-
rine mammary carcinoma cells or pancreatic carci-
noma cells, wortmannin was able to reduce tumor sizes 
(West et al. 2002). However, wortmannin is unstable in 
aqueous solutions and more stable derivates need to be 
developed. STI571, an AKT inhibitor, caused transcrip-
tional downregulation of the prosurvival proteins Bcl-2, 
and c-IAP when tested in vitro (West et al. 2002). 

Attempts have been made to target CDKs in the 
course of cancer therapy. Compounds such as rosco-
vitine/CYC202, flavopiridol, olomoucine, and SU9516 
represent a group of very specific CDKs inhibitors, 
which are able to stop the cell cycle by inhibiting CDK1 
and -2. Roscovitine, flavopiridol, and SU9516 all induce 
apoptosis. SU9516-mediated CDK2-inhibition leads to 
a decrease in Rb protein phosphorylation (Golsteyn 
2005).

These targeted anticancer therapeutics serve as ex-
amples of approaches targeting signaling pathways in 
cancer for the development of novel therapeutics. A 
more comprehensive compilation of selected therapies 
portrayed both from an experimental and clinical point 
of view can be found in other chapters of this book.
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K E Y  P O I n T S

 To grow over a certain size of a few millimeters  •
in diameter, solid tumors need a blood supply 
from surrounding vessels. 

 Small tumors can stay dormant for a very long  •
time period until the so-called angiogenic 
switch occurs.

 Tumor-induced angiogenesis is mainly sus- •
tained by the production and secretion of an-
giogenic factors originating from tumor and 
stroma cells. 

 The VEGF family of growth factors and the re- •
ceptor tyrosine kinases play a key role in tumor 
angiogenesis and targeted therapy strategies. 

 High VEGF expression promotes vascular per- •
meability, leading to high interstitial and intra-
tumoral pressure.

 The chaotic layout of tumor vasculature leads  •
to inconsistent oxygen delivery within the tu-
mor and creates regions of hypoxia.

 It is assumed that antiangiogenic drugs ‘nor- •
malize’ the tumor vasculature.

 Inhibiting tumor angiogenesis is a rational and  •
potentially valuable therapeutic strategy. 

 The available preclinical and clinical data  •
strongly support the introduction of antiangio-
genic drugs into combined modality treatment 
regimens that include radiation therapy. 
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Abstract

Since the first description of angiogenesis and the dis-
covery of its crucial role in tumor growth, extensive ef-
forts have been made to develop antiangiogenic drugs. 
Some targeted therapies have been established as the 
first-line therapy in certain tumor types. However, the 



pathophysiological principles are not fully understood, 
and little is known about the interaction of antiangio-
genic drugs in combination with other classical antitu-
moral therapies like chemotherapy or radiation. A com-
bination of all three strategies represents a very powerful 
tool to treat cancer aggressively, but also increases the 
risk of side effects. To understand the rationale of these 
combinational therapies, it is critically important to 
understand the angionesis and pathophysiology of an-
tiangiogenic drugs on the one hand and the effects of 
radiation and chemotherapy on the other.

3.1  
Introduction

A correlation between malignant tumors and surround-
ing blood vessels was first described at the annual meet-
ing of Internal Medicine in 1908 by Elia Metschnikoff, 
a Russian clinician and noble prize winner. In 1971, the 
hypothesis that tumor growth was angiogenesis-depen-
dent was raised by Judah Folkman (1971): To grow 
over a certain size of a few millimeters in diameter, solid 
tumors need a blood supply from surrounding vessels. 

Solid tumors of up to 2–3 mm3 can grow without a 
blood vessel supply. Nutrition and oxygen are provided 
via diffusion from the surrounding tissue. Above this 
size, diffusion becomes insufficient due to the negative 
surface/volume ratio. Based on a good balance between 
angiogenic and anti-angiogenic growth factors, a tumor 
of this size can stay dormant for a very long time period 

until the so-called angiogenic switch occurs. Based on 
several possible stimuli, a misbalance between angio-
genic and anti-angiogenic factors in favor of pro-an-
giogenic factors leads to the proliferation of new blood 
vessels that originate from the existing vascular system. 
These blood vessels grow into the tumor and thus pro-
vide the necessary nutrients and growth factors for tu-
mor progression. At the same time, the newly formed 
blood vessels allow tumor cells to disseminate and form 
metastases in distant organs (Fig. 3.1). Normally, vascu-
lar homeostasis is regulated by a balance of angiogenic 
and antiangiogenic mechanisms. Tumor-induced an-
giogenesis is mainly sustained by the production and 
secretion of angiogenic factors originating from tumor 
and stroma cells. 

3.2  
VEGF and Tumor Growth

The VEGF family of growth factors and the receptor ty-
rosine kinases play a key role in tumor angiogenesis and 
targeted therapy strategies. The VEGF family includes 
VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placen-
tal growth factor (PlGF), and they bind with different 
affinity and signaling response to VEGF receptors 1 
(VEGFR-1), VEGF receptor 2 (VEGFR-2), and VEGF-
receptor 3 (VEGFR-3) (Fig. 3.2).

VEGF promotes the growth of tumor vasculature to 
allow oxygen and nutrients to reach the rapidly dividing 
cancer cells. However, this tumor vasculature is abnor-

Fig. 3.1. Principles of tumor angiogenesis
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mal both in structure and function, with the vessels be-
ing immature, leaky, and tortuous, with a reduction or 
absence of supporting cells. The effect of VEGF on en-
dothelial cells is important in the development of these 
abnormal vessels. High VEGF expression also promotes 
vascular permeability, leading to high interstitial and 
intratumoral pressure, which may allow tumor cells to 
enter the bloodstream and metastasizes, and which im-
pairs the delivery of chemotherapy to the tumor (Jain 
2001, 2003). The chaotic layout of tumor vasculature 

leads to inconsistent oxygen delivery within the tumor; 
this creates regions of hypoxia, which are resistant to 
radiotherapy (Brown 2002). Tumor blood vessels also 
have a reduction or absence of supporting pericyte and 
smooth muscle cells, which are essential to the func-
tioning of the vasculature by stabilizing vessel walls 
and helping to regulate microcirculatory blood flow, as 
well as influencing endothelial permeability, prolifera-
tion, survival, migration, and maturation. An absence 
of pericytes sensitizes tumor vessels to VEGF inhibi-

Fig. 3.2. The VEGF-receptor family. Binding and activation of VEGF-receptors and induction of intracellular sig-
naling pathways. VEGF121 and VEGF165: isoforms of VEGF; VEGFR-2 VEGF receptor 2; KDR kinase-insert domain–
containing receptor; Flk-1 fetal liver kinase 1; PLC phospholipase C; PKC protein kinase; MAPK mitogen-activated 
protein kinase; PI3K phosphatidylinositol 3’–kinase; EGFR epidermal growth factor receptor; flt-1 fms-like tyrosine 
kinase 1; PlGF placental growth factor; PTEN phosphatase and tensin homologue; S–S disulfide bond; VHL von 
Hippel–Lindau. Adapted from: Kerbel 2008 (N Engl J Med 2008;358:2039–49)

Tumor Angiogenesis 41



tors, as shown in a number of mouse xenograft models 
(Abramsson et al. 2002; Morikawa et al. 2002; Baluk 
et al. 2005).

Further, endothelial cells and circulating bone-
marrow-derived endothelial progenitor cells mainly 
express VEGFR-2 and, activated by VEGF-A, play a 
key role in tumor angiogenesis. In contrast, the role 
of VEGFR-1 remains uncertain in respect to VEGF-
induced angiogenesis. In breast cancer cells, an intra-
cellular intracrine mechanism of receptor and ligand 

interaction was postulated, giving VEGF and VEGFR-1 
an autocrine function. VEGFR-1 is also associated with 
vascular development, and it may have a function in 
quiescent endothelium of mature vessels not related to 
cell growth. Some tumor cells produce VEGF, but due 
to a lack of VEGF receptors on their own surface, they 
do not respond to VEGF directly. Recent findings also 
suggest that the amount of VEGF produced by plate-
lets and muscle cells are sufficient to induce tumor 
angiogenesis. 

Fig. 3.3. The EGFR signal transduction pathway. After binding of a receptor-specific ligand to the extracellular por-
tion of the EGFR or of one of the EGFR-related receptors (HER2, HER3, or HER4), the receptors build functionally 
active homodimers or heterodimers and cause the ATP-dependent phosphorylation of specific tyrosine residues in 
the EGFR intracellular domain. The two major intracellular pathways activated by EGFR are the RAS–RAF–MEK–
MAPK pathway, which controls gene transcription, cell-cycle progression from the G1 phase to the S phase, and cell 
proliferation, and the PI3K–Akt pathway, which activates a cascade of anti-apoptotic and prosurvival signals. bFGF 
basic fibroblast growth factor, HB-EGF heparin-binding EGF, MAPK mitogen-activated protein kinase, P phosphate 
PI3K phosphatidylinositol 3,4,5-kinase, TGF transforming growth factor, VEGF vascular endothelial growth factor. 
Adapted from (Ciardiello and Tortora 2008)
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3.3  
EGFR and Intracellular Signaling

Epidermal growth factor receptor (EGFR) is a mem-
ber of the ErbB family of receptors, a subfamily of four 
closely related receptor tyrosine kinases: EGFR (ErbB-
1), HER2/c-neu (ErbB-2), Her 3 (ErbB-3), and Her 4 
(ErbB-4). In tumor cells overexpression of EGFR is asso-
ciated with more aggressive disease, increased resistance 
to radiation therapy and chemotherapy, and finally with 
more aggressive spread of metastases and overall with 
a poor prognosis. After binding of receptor-specific li-
gands like epidermal growth factor (EGF), transform-
ing growth factor α (TGFα), or further ligands, a func-
tionally active dimer of EGFR with EGFR, HER2 HER4, 
or HER 3 occurs, and intracellular signaling cascades 
are initiated. EGFR mainly induces two pathways: the 
RAS–RAF–MAP–MAPK-pathway, which controls gene 
transcription and cell proliferation, and the PI3K-Akt-
pathway, which activates a cascade of antiapoptotic and 
prosurvival signals (Fig. 3.3).

In patients with metastatic colorectal cancer, the 
success of anti-EGFR therapy with cetuximab depends 
on the nonmutated KRAS status. In patients with mu-
tant KRAS, the intracellular signaling continues despite 
EGFR therapy. Mutated KRAS genes have been de-
tected in about 40% of metastatic colorectal cancer pa-
tients. A retrospective analysis of tumor types revealed 
that patients with wild-type KRAS respond to cetux-
imab in combination with leucovorin, fluoruracil, and 
irinotecan (FOLFIRI) with an increase in progression-
free survival from 25% without cetuximab to 43% (Van 
Cutsem et al. 2008). These results also describe a fur-
ther step to individualized and customized treatment of 
cancer with targeted therapies. 

Inhibiting tumor angiogenesis by targeting VEGF 
and also EGFR signaling is therefore a rational and po-
tentially valuable therapeutic strategy. Approaches in-
clude the development of anti-VEGF-antibodies, anti-
VEGF-receptor antibodies, antibodies to EGFR, small 
molecule inhibitors of receptor tryrosine kinases, and 
soluble VEGF-receptors.

3.4  
Pathophysiology 
of Angiogenesis and Radiation

Blood vessels play a crucial role in the reaction to radia-
tion exposure. Endothelial cells that line capillary blood 

vessels are situated very close to normal tissue cells, for 
example, such as epithelial cells in the gut mucosa. This 
close apposition enables endothelial cells and epithe-
lial cells to communicate with each other by release of 
growth factors and hormones. Epithelial cells are also 
able to derive oxygen and nutrients from blood vessels. 
In contrast, tumor cells form multiple layers around a 
capillary blood vessel such that the most remote tumor 
cells are oxygen-deprived (hypoxic or anoxic) (Folk-
man and Camphausen 2001). The acute vascular re-
action is mediated in a dose-dependent manner by the 
release of inflammatory substances, which in the litera-
ture are described as functional radiation effects. Al-
ready after the first or a few fractions of a conventional 
fractionated radiotherapy scheme, inflammatory cytok-
ines such as interleukin-1 and TNF-alpha are expressed. 
Further the synthesis of prostaglandins and the activity 
of the nitric oxide (NO)-synthase are found to be in-
creased in endothelial cells (Dörr and Trott 2000).

Sonveaux and colleagues (2003) specifically ex-
amined the effects of irradiation on endothelial cells 
to identify signaling cascades induced by ionizing ra-
diation that could lead to alterations in endothelial cell 
phenotype and changes in angiogenesis. Earlier studies 
of several investigators had confirmed that treatment 
with growth factor antibodies or tyrosine kinase inhibi-
tors can indeed increase the antitumoral effect of ion-
izing radiation and that such a combination could have 
super-additive effects, allowing a gain in efficacy by act-
ing on two different targets, namely,  tumor cells and 
endothelial cells (Gorski et al. 1999; Lee et al. 2000; 
Geng et al. 2001; Hess et al. 2001; Kozin et al. 2001; 
Camphausen and Menard 2002; Griffin et al. 2002; 
Huang et al. 2002).

Addressing the impact of irradiation on endothe-
lial cells and the tumor vasculature, they demonstrated 
that the potentiation of the nitric oxide (NO) signaling 
pathway after irradiation induces profound alterations 
in the endothelial phenotype leading to tumor angio-
genesis and that the inhibition of NO production sup-
presses these provascular effects of irradiation. 

It has also been shown that NO modulates VEGF-
induced angiogenesis and vascular permeability in vivo 
(Fukumura et al. 2001). There are three differently dis-
tributed and regulated isoforms of NO synthase (NOS): 
neuronal NOS (nNOS, also referred to as type I NOS), 
inducible NOS (iNOS, type II NOS), and endothelial 
NOS (eNOS, type III NOS). Endothelial NOS predomi-
nantly mediates this process, and iNOS appears to have 
a small, but additive effect. Thus, selective modulation 
of eNOS activity by targeting the VEGF pathway alters 
angiogenesis and vascular permeability in vivo. Other 
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physiologic vascular changes mediated by NO are blood 
flow and vessel diameter, respectively, vasorelaxation 
(Fukumura et al. 2001).

Endothelial cells react differently to radiation, de-
pending on the inflammation. In inflammation endothe-
lial cells are in a special physiologic condition, rapidly 
proliferating, actively synthesizing many pro-inflam-
matory and other peptides and proteins and responding 
differently to radiation than resting endothelial cells. 
The functional consequences of radiation exposure of 
these activated endothelial cells might be different from 
those induced in endothelial cells in healthy normal tis-
sues studied (Trott and Kamprad 1999).

NO is also known as an important mediator in the 
status of inflammation in addition to its wide range of 
physiological and pathophysiological activities, includ-
ing the regulation of vessel tone and angiogenesis in 
wound healing, inflammation, ischemic cardiovascu-
lar diseases, and malignant diseases. Depending on the 
dose and fractionation schedule, in the status of inflam-
mation low-dose radiation attenuates the acitivity of 
iNOS and therefore mediates the acute inflammation in 
vivo. This appears to be one of the possible pathways 
explaining the well-known anti-inflammatory effect 
of low-dose radiotherapy (Review by Rischke et al. 
2007).

Other effects of irradiation on endothelial cells are 
cytotoxic effects that participate in the antitumor treat-
ment. As a chronic effect of radiation exposure to blood 
vessels, histopathologic investigation reveals a capillary 
rarefication, which means a markedly reduced density 
of capillaries in irradiated tissues, which can occur, de-
pending on the tissue type, even after many years. The 
depletion of capillaries and mircrovessels is supposed 
to be the consequence of an impaired cellular function 
leading to destruction of capillaries. The exact mecha-
nisms are still not known (Trott 2002).

An interesting approach postulates that angiogenic 
growth factors such as platelet-derived growth factor, 
insulin-like growth factor-1, and vascular endothelial 
growth factor lead to reduced long-term toxicity in the 
spinal cord in pre-clinical studies in a spinal-cord irra-
diation rat model (Andratschke et al. 2005). 

3.5  
Antiangiogenic Substances

Anti-VEGF-therapies can lead to regression of already 
existing tumor vascularization. VEGF is essential for 
tumor vessel cells to survive; it protects them from 
apoptosis and promotes tumor growth. Without a con-

tinuing supply of VEGF, endothelial cell apoptosis oc-
curs, and newly developed tumor microvessels decay. 
VEGF inhibition also can lead to both structural and 
functional changes on surviving vessels, a phenomenon 
described as vessel normalization (Jain 2005).

3.5.1  
Bevacizumab (Avastin™) 

Bevacizumab (Avastin™) is a recombinant human-
ized monoclonal antibody directed against VEGF. Be-
vacizumab binds to VEGF and inhibits VEGF receptor 
binding. A precursor antibody to Bevacizumab was 
A4.6.1, a murine antibody cloned by Ferrara (Leung 
et al. 1989) and bound with high affinity to different iso-
forms of VEGF. It inhibited cell growth in immortalized 
tumor cell lines by a significant reduction of vascular 
density. As a murine protein, it provoked anaphylactic 
reactions and needed to be humanized. 

In preclinical studies, the combination of Bevaci-
zumab with chemotherapy led to synergistic activity. 
In xenotransplants, the combination of Bevacizumab 
with capecitabine inhibited tumor growth more ef-
fectively and longer than any other tested substance 
(Sachsenmaier 2001). It also showed synergistic ef-
fects in combination with paclitaxel and Trastuzumab 
(Herceptin™), a humanized monoclonal antibody that 
acts on the HER2/neu (erbB2) receptor. In further in-
vivo studies, the application of Bevacizumab to animals 
previously treated with capecitabine, topotecan, or cis-
platin showed more successful tumor suppression. Also, 
repeated application of Bevacizumab proved to be safe 
and well tolerated. 

3.5.2  
Cetuximab (Erbitux ™)

Cetuximab (Erbitux ™), a monoclonal antibody, binds 
to the extracellular domain of EGFR, competing with 
its specific ligands and inhibiting intracellular signaling. 
Further, as an IgG1 immunoglobulin, it could elicit host 
antitumor immune responses such as cell-mediated 
antibody-dependent cytotoxicity and also EGFR inter-
nalization, down-regulation, and finally receptor degra-
dation. 

Among the EGFR targeting substances, Cetuximab 
has been approved for combination with radiotherapy 
for the treatment of locally advanced squamous-cell 
carcinoma of the head and neck (SCCHN) or as a single 
agent in patients who have had prior platinum-based 
therapy. Side effects of Cetuximab treatments include 
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acne-like skin affections, fever, and chills, asthenia, and 
nausea. 

3.5.3  
Small Molecule Tyrosine Kinase Inhibitors

Small molecule tyrosine kinase inhibitors (TKI), such 
as sorafenib (Nexavar™) and sunitinib (Sutent™), also 
represent antiangiogenic agents. Sorafenib is a potent 
orally available protein kinase inhibitor. Originally 
identified as a Raf kinase inhibitor, Sorafenib also in-
hibits VEGFR-1 and 2, platelet-derived-growth fac-
tor receptor (PDGFR-β), and c-Kit-Protein. Sorafenib 
has a dual antitumoral target affecting the tumor cell 
and its blood vessels. In human endothelial cells and 
in smooth muscle cells, VEGFR-2 signaling and activa-
tion of extracellular signal-regulated kinase (ERK) are 
induced.

Sunitinib (Sutent™) is also an orally available multi-
targeted TKI. Especially in renal cell carcinoma and in 
gastrointestinal stroma tumors (GIST), sunitinib proved 
to be superior to earlier therapy strategies and is now 
established as first-line treatment.

Sorafenib and sunitinib are both approved for the 
treatment of renal cell carcinoma. A clinical phase III 
trial studying sunitinib compared to sorafenib or pla-
cebo in treating patients with kidney cancer that has 

been removed by surgery (ClinTrails.gov NCT00326898) 
is currently recruiting patients.

3.5.4  
Cediranib (Recentin™)

Cediranib (Recentin™), known as AZD2171, is an oral, 
highly potent, inhibitor of VEGF signaling that selec-
tively inhibits all known VEGFR tyrosine kinase activ-
ity (VEGFR-1, -2 and -3; Fig. 3.4). Encouraging results 
obtained to date with Cediranib in a range of clinical 
studies show its potential as a new antiangiogenic drug 
in combination with radiotherapy. 

The ability of Cediranib to inhibit growth factor-
stimulated receptor phosphorylation was determined 
in a range of cell lines (Wedge et al. 2005). Further-
more, this effect was also associated with inhibition of 
MAP kinase phosphorylation, a downstream marker of 
VEGF signaling. These data suggest that Cediranib can 
selectively inhibit VEGFR-dependent proliferation, but 
appreciable functional selectivity is evident versus other 
targets, including EGFR, FGFR, and PDGFR-α.

The in vivo activity of Cediranib was also investi-
gated in a model of vascular sprouting. In nude mice 
implanted with a VEGF-containing Matrigel plug, 
Cediraninb completely abolished VEGF-induced vessel 
formation (Wedge et al. 2005). Furthermore, Cediranib 
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has demonstrated antitumor efficacy in a number of in 
vivo preclinical studies, including xenograft, orthotopic, 
metastatic, and spontaneous models of human cancer 
(Wedge et al. 2005).

Administration of Cediranib produced dose-de-
pendent inhibition of tumor growth in a range of histo-
logically distinct human tumor xenografts (lung, colon, 
breast, prostate, and ovarian) and also decreased pri-
mary tumor growth, metastasis, and microvessel den-
sity in an orthotopic model of murine renal cell carci-
noma (Drevs et al. 2004).

Taken together, Cediranib has shown anti-tumor 
activity in a range of preclinical in vivo models con-
sistent with inhibition of VEGF signaling and an an-
tiangiogenic mode of action rather than a direct anti-
proliferative effect on tumor cells. In an extensive phase 
I program, Cediranib was tested as monotherapy in 
prostate cancer, with carboplatin and paclitaxel in non-
small cell lung cancer (NSCLC), with selected chemo-
therapy regimens in advanced cancer, and with gefitinib 
in advanced cancer.

Cediranib is one of the most potent inhibitors of 
VEGFR-2 tyrosine kinase activity in development. 
Preclinical studies have demonstrated that Cediranib 
inhibits VEGF-dependent signaling, angiogenesis, and 
neovascular survival. Cediranib is also a potent inhibi-
tor of VEGFR-1 and -3 tyrosine kinases, and shows se-
lectivity for VEGFRs versus a range of other kinases. 
Consistent with an antiangiogenic effect, once-daily 
treatment with Cediranib produced dose-dependent 
inhibition of tumor growth in a broad range of estab-
lished human tumor xenografts.

A series of phase I studies have been conducted to 
investigate Cediranib in patients with cancer, both as 
monotherapy and in combination with certain other 
anticancer strategies. These investigations have shown 
Cediranib to be generally well tolerated, with a side ef-
fect profile that is tolerable and manageable. Currently 
available pharmacokinetic data are supportive of a once-
daily oral dosing schedule for Cediranib. Furthermore, 
preliminary efficacy data demonstrate that Cediranib 
has potential antitumor activity in multiple tumor types. 
Recruitment to a number of clinical trials has been ini-
tiated to further determine the activity of Cediranib in a 
wide range of tumors. Currently ongoing trials address 
the effect of Cediranib on metastatic colorectal cancer 
in combination with different chemotherapies. Encour-
aging preliminary results were reported for Cediranib 
in patients with glioblastoma suggesting an increase in 
overall survival (Batchelor 2008).

3.6  
Chemotherapy and Antiangiogenic Therapy

Bevacizumab in combination with certain chemother-
apy regimens has demonstrated clinically relevant im-
provements in survival or in progression-free survival 
in patients with colorectal, lung, and breast cancer. 

Bevacizumab in combination with IFL (Irinotecan, 
5-FU, and leukovorin) was studied as first-line therapy 
for patients with metastatic colorectal cancer. Eight 
hundred thirteen patients were randomly assigned, and 
402 patients received IFL with bevacizumab. The ad-
dition of bevacizumab to fluorouracil-based combina-
tion chemotherapy results in statistically significant and 
clinically meaningful improvement in survival (Hur-
witz et al. 2004). 

Bevacizumab was also evaluated in patients with 
non-squamous NSCLC also chemotherapy naive. Four 
hundred thirty-four patients received bevacizumab in 
combination with carboplatin and paclitaxel versus 444 
patients with carboplatin and paclitaxel alone. Overall 
survival was also significantly improved by addition of 
bevacizumab (Cohen et al. 2007).

A trial focusing on patients with HER2-negative 
and chemotherapy naive metastatic breast cancer com-
paring treatment with bevacizumab in combination 
with paclitaxel versus paclitaxel alone showed signifi-
cant improvement of progression-free survival (median 
of 11.8 versus 5.9 months). In contrast, overall survival 
was not improved. As the reason for this discrepancy, 
the authors discuss possible rebound effects on subse-
quent treatments after ending the therapy or a correla-
tion between bevacizumab resistance and resistance to 
other therapeutic attempts. Interestingly, progression-
free survival and high response rates were seen early 
in metastatic disease, suggesting that development of 
metastases as a VEGF-dependent event is more vul-
nerable to bevacizumab treatment, and the question of 
bevacizumab effects in an adjuvant setting needs to be 
answered (Miller et al. 2007). Based on this trial the 
FDA granted an accelerated approval for bevacizumab 
in combination with paclitaxel. 

However, the observation that antiangiogenic drugs 
combined with chemotherapeutic agents improve anti-
tumoral effects is surprising, because one would expect 
the intratumoral delivery of drugs to be suppressed. 
Different models have been discussed to explain the 
chemosensitizing activity of antiangiogenic drugs. It is 
assumed that antiangiogenic drugs ‘normalize’ the tu-
mor vasculature, enhancing the efficacy of chemothera-
peutic drugs. Tumor vessels in general are structurally 
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abnormal, showing absence of hierarchically structured 
patterns such as reduced basement membranes and 
dilated vessels, making them leaky and resulting in 
altered perfusion or blood flow. Even highly vascular-
ized tumors can be hypoxic, which again is known as 
being an angiogenesis-inducing factor. Antiangiogenic 
therapy can reverse these alterations, a phenomenon 
known as vessel normalization, and thus enhance an-
titumor effects of chemotherapeutic agents. After vessel 
normalization, a synergistic effect of bevacizumab with 
chemotherapy is assumed regarding the tumor cell re-
covery and repopulation. The rate of tumor cell repopu-
lation after MTD of conventional chemotherapy or ra-
diation does not necessarily decline in proportion to the 
number of treatment cycles. In fact, the observed trend 
suggests the opposite effect. Consequently, exposing the 
tumor to an antiangiogenic drug during the break peri-
ods between courses of chemotherapy is sought to re-
duce oxygenization and delivery of nutrients to repopu-
lating cells. Taking those hypotheses into consideration, 
the timing of combinational therapies needs to be opti-
mized. This also supports the suggestion to apply beva-
cizumab between chemotherapy cycles when tumor cell 
repopulation after cytotoxic chemotherapy is increased 
and repopulating cells demand for oxygen is high. 

Further, for cytotoxic chemotherapy itself, antian-
giogenic effects enhancing antitumoral activity have 
been described. It has been hypothesized that these 
drugs could damage endothelial cells that proliferate 
during the formation of new blood vessels, and also 
destruction of circulating bone marrow cells leads to 
impaired tumor angiogenesis. These endothelial cells 
include circulating endothelial progenitor cells (EPCs) 
that can incorporate into the lumen of nascent ves-
sels and differentiate into mature endothelial cells 
(Asahara et al. 1997; Shaked et al. 2005). Given the 
well-established myelosuppressive effects of cytotoxic 
chemotherapy, one might predict that at least some of 
these proangiogenic bone marrow cell types would be 
sensitive to chemotherapy. Many of these cell popula-
tions can be mobilized into the peripheral blood by 
growth factors such as VEGF; thus, the combination of 
a VEGF-targeting agent with chemotherapy would be 
expected to have an additive, if not synergistic, suppres-
sive effect on these cells.

Because of its low toxicity, metronomic chemo-
therapy, continuously administered low doses of che-
motherapeutic drugs below toxicity levels, may be well 
suited for long-term combination with antiangiogenic 
drugs; such combinations have had marked antitumor 
effects in preclinical models (Klement et al. 2000; 
Kerbel and Kamen 2004; Pietras and Hanahan 

2005). Both antibody-based and small-molecule an-
tiangiogenic drugs enhance the effects of metronomic 
chemotherapy in preclinical models. Phase II trials of 
metronomic chemotherapy (Colleoni et al. 2002; Ki-
eran et al. 2005), sometimes used in combination with 
antiangiogenic drugs, have yielded encouraging results 
in patients with advanced cancer (Canady 2005), but 
larger randomized trials are needed to validate the con-
cept. There is also a need for surrogate markers to help 
determine the optimal biologic dose of this therapy. Cir-
culating EPCs have been used successfully as a marker 
in preclinical studies (Shaked et al. 2005), but are not 
yet validated clinically. 

3.7  
Radiation and Antiangiogenic Therapy 

Because of the encouraging results of antiangiogenic 
therapy combined with chemotherapy, consequently 
combinational therapies including antiangiogenesis and 
radiation with or without chemotherapy are becoming 
the focus of clinical interest. Besides developing new 
therapeutic strategies to improve curative cancer treat-
ment, also the safety of combinational therapies needs 
to be addressed since tumor patients receiving antian-
giogenic drugs might also receive radiation therapy for 
palliation. 

The rationale for combining radiation with antian-
giogenic drugs is based on several pathophysiological 
considerations. Tumor response to radiation therapy is 
caused by DNA damage to tumor cells and also depends 
on intracellular pathways controlling apoptosis, au-
tophagy, and cell death induced by radiation. Oxygene 
is a potent radiosensitizer, and its interaction with radi-
cals formed by radiation induces DNA damage. Hypoxia 
leads to radiation resistance. Radiation induces the se-
cretion of cytokines that inhibit apoptosis in endothe-
lial cells. Hypoxia inducible factor (HIF)-1α is activated 
when cells are hypoxic, it dimerizes with HIF-1β, and 
this leads to an increase in VEGF transcription. This is 
associated with a lower radiation response and tumor 
progression, mainly experienced in head and neck tu-
mors, uterine cervix tumors, and sarcomas. Radiation 
itself also induces hypoxia and thus increases VEGF 
production and VEGFR expression. Hypoxia can be 
measured directly by determination of oxygen pressure 
or more recently by PET using misonidazol or 2nitro-
imidazole as tracers (Koch and Evans 2003; Rischin 
et al. 2006; Thorwarth et al. 2007). Again, vessel 
normalization enhances oxygenation and thus radio-
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sensitivity in tumor cells. In preclinical studies antian-
giogenic therapy has been shown to enhance radiation-
induced cell death (Lee et al. 2000; Hess et al. 2001).

Factors known to control angiogenesis, such as 
fibroblast growth factor 2 (FGF2), EGF, VEGF, the 
alpha-vβ3 and alpha-vβ5 integrins, and some GTPase 
proteins, have been clearly demonstrated to be involved 
in controlling intrinsic radiation resistance.

The induction of this radiation resistance is also me-
diated by a small G protein, RhoB, known to be acti-
vated by various stresses, such as UV, but also ionizing 
radiation or hypoxia as well as by growth factors, such 
as EGF or FGF2 (Moyal 2008).  Normalization of tu-
mor vasculature by anti-VEGFR-2 antibody has also led 
to enhanced radiation-induced tumor response (Win-
kler et al. 2004). This study demonstrated the necessity 
to optimize timing of radiation and chemotherapy and 
supports the advantage of this therapy during the nor-
malization phase. 

There are also several trials ongoing, studying anti-
angiogenic drugs in combination with radiotherapy in 
patients with rectal cancer, pancreatic cancer, head and 
neck tumors, and brain tumors, e.g., with bevacizumab, 
imatinib (Gleevec™), and sunitinib.

The use of cetuximab in combination with radio-
therapy is approved by the FDA for squamous cell car-
cinoma of the head and neck (SCCHN). Four hundred 
twenty-four patients with untreated SCCHN entered a 
phase III trial (Bonner et al. 2006) and were randomly 
assigned to radiotherapy alone or in combination with 
cetuximab. Overall survival and progression-free sur-
vival were significantly increased in the experimental 
arm (24.4 vs. 14.9 months). Interestingly, this trial also 
showed that radiation side effects were not increased. It 
has been noted critically that this trial did not compare 
chemoradiation as standard therapy with radiotherapy 
and cetuximab. Cetuximab has been studied in combi-
nation with chemotherapy, including 5-FU, paclitaxel, 
and cisplatin (Burtness et al. 2005; Bourhis et al. 
2006) in patients with SCCHN. In a small number of 
patients, cetuximab has reverted cisplatin resistance, 
and it was suggested that cetuximab is the only second-
line treatment with significant response rates available. 

The widespread use of bevacizumab in multimodal 
attempts to treat different tumor entities logically de-
mands an extension to address the advantages of beva-
cizumab in combination with radiation with or without 
chemotherapy. To date, no phase III studies have been 
completed, so that the extent of the benefit that be-
vacizumab seems to have remains to be determined. In 
patients with rectal carcinoma, Willet and colleagues 
(2007) demonstrated in a continuation of a dose-escala-
tion phase I trial in addition to the dose limiting toxicity 

of bevacizumab that the combination of bevacizumab 
with chemoradiation may have high response rates. In 
this study, two consecutive cohorts of three patients 
with locally advanced rectal carcinoma were treated 
with bevacizumab (10 mg/kg), and concurrent admin-
istration of bevacizumab with 5-FU chemotherapy and 
pelvic radiation therapy. Surgery was scheduled 7 to 9 
weeks after completion of therapy. Functional, cellular, 
and molecular studies were performed before and after 
initial bevacizumab monotherapy. Following the Na-
tional Cancer Institute trial guidelines, they terminated 
the dose-escalation component of their study when two 
consecutive patients developed dose-limiting toxicities 
(DLT) of diarrhea and colitis during the combined treat-
ment. Following recovery from toxicity, these patients 
were able to resume and complete radiation therapy and 
5-FU. Because of these DLT, only five patients were en-
rolled at the 10 mg/kg dose. All the patients underwent 
surgery. Of considerable interest in respect of combin-
ing antiangiogenic substances with radiation or chemo-
radiation has been the fact that the patients receiving 
10 mg/kg bevacizumab showed two complete patho-
logic responses, as compared to no complete pathologic 
response in the 5 mg/kg bevacizumab group (Willett 
et al. 2004, 2007). These tumor responses were also de-
tected on computed tomography (CT) and positron 
emission tomography (PET) scans after completion of 
chemoradiation therapy, stressing that PET/CT-scans 
may be a valuable tool acting as an appropriate surro-
gate marker, while it is a non-invasive, sensitive, semi-
quantitative, and reproducible method. 

The few phase I publications studying toxicity of an-
tiangiogenics in association with radiotherapy mainly 
investigated the acute effects. One study combined 
radiotherapy and 15 mg/kg bevacizumab with oxali-
platin and capecitabine in escalating doses in patients 
with rectal adenocarcinoma and showed that the anti-
angiogenics increased the toxicity of the combination 
of capecitabine, oxaliplatin, and radiotherapy, the DLT 
being grade 4 diarrhea (Czito et al. 2007). The combi-
nation of bevacizumab with radiotherapy and capecit-
abine in patients with pancreatic carcinoma showed 
grade 3 ulcerations with bleeding or perforation in four 
patients. These events occurred up to 20 weeks after the 
end of the combination of radiation with chemotherapy, 
particularly in patients whose tumor invaded the duo-
denum (Crane et al. 2006).

The available recent preclinical and clinical data 
strongly support the introduction of antiangiogenics 
into combined modality treatment schemes that include 
radiotherapy. The ultimate benefit of these therapeu-
tic combinations needs to be determined with longer 
follow-up of the effect of these antiangiogenic agents 
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and by studying surrogate markers by metabolic and 
functional imaging (perfusion MRI, PET/CT–FDG, 
PET/CT-misonidazole) in early clinical studies, notably 
concerning the effect on tumor oxygenation and vas-
cularization, in order to choose the optimal sequence 
and administration time of these drugs compared to 
radiotherapy. Elucidating the mechanisms by which 
radiosensitization is obtained and the molecular inter-
play between radiation toxicity to normal organs and 
antiangiogenics is also important to facilitate the design 
and testing of clinical strategies aimed at minimizing 
toxicity.
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Abstract

It is generally accepted that tumor blood flow, micro-
circulation, oxygen and nutrient supply, tissue pH dis-
tribution, lactate levels, and the bioenergetic status—
factors that are usually closely linked and that define 
the so-called pathophysiological microenviron ment 
(“tumor pathophysiome”)—can markedly influence 

the therapeutic response of malignant tumors to con-
ventional irradiation, chemotherapy, other non-surgi-
cal treatment modalities, malignant progression, and 
the cell proliferation activity within tumors. Currently 
available information on the parameters defining the 
pathophysiological micromilieu in human tumors is 
presented in this chapter. According to these data, sig-
nificant variations in these relevant factors are likely to 
occur between different locations within a tumor and 
between tumors of the same grading and clinical stag-
ing. Therefore, evaluation of the pathophysiological 
microenvironment in individual tumors before therapy 
and a corresponding “fine-tuning” of treatment proto-
cols for individual patients may result in an improved 
tumor response to treatment.

4.1  
Introduction

The physiology of tumors (“tumor pathophysiome”) is 
uniquely different to that of normal tissues. It is char-
acterized inter alia by O2 depletion (hypoxia or anoxia), 
extracellular acidosis, high lactate levels, glucose depri-
vation, energy impoverishment, significant interstitial 
fluid flow, and interstitial hypertension, i.e., adverse 
conditions that can be summarized as the “crucial Ps” 
characterizing the metabolic tumor microenvironment 
(see Table 4.1) (Sutherland 1988; Vaupel et al. 1989, 
1997; Vaupel and Jain 1991; Vaupel 1992, 1994a,b; 
Vaupel and Kelleher 1999; Bussink 2000; Molls 
and Vaupel 2000; Vaupel and Höckel 2000; Goode 
and Chadwick 2001). This hostile microenvironment 
is largely determined by an abnormal tumor microcir-
culation. When considering the continuous and indis-
criminate formation of a vascular network in a grow-
ing tumor, five different pathogenetic mechanisms can 
be discussed: (1) angiogenesis by endothelial sprout-
ing from preexisting venules, (2) co-option of existing 
vessels, (3) vasculogenesis (de novo vessel formation 
through incorporation of circulating endothelial pre-
cursor cells), (4) intussusception (splitting of the lumen 
of a vessel into two), and (5) formation of pseudo-vas-
cular channels lined by tumor cells rather than endothe-
lial cells (“vascular mimicry,” for reviews see Reinhold 
and van den Berg-Blok 1983; Reinhold 1987; Rib-
atti et al. 2003; Sivridis et al. 2003; Vaupel 2004b; 
Cairns et al. 2006; Fukumura and Jain 2007; Trédan 
et al. 2007). The tumor vasculature is characterized by 
vigorous proliferation leading to immature, structur-
ally defective and, in terms of perfusion, ineffective mi-
crovessels. “Tumor vessels lack the signals to mature” 

 Increased vascular permeability has been dem- •
onstrated, with extravasation of blood plasma 
expanding the interstitial fluid space and—
because of the lack of functional lymphatics—
drastically increasing the hydrostatic pressure 
in the tumor interstitium.

 Interstitial hypertension forms a “physiologic”  •
barrier to the delivery of therapeutic macro-
molecules to the cancer cells.

 The tumor interstitial space is three to five  •
times larger than in most normal tissues and 
contains a relatively large quantity of mobile 
(i.e., freely moving) fluid.

 A pH gradient exists across the cell membrane  •
in tumors (pHi > pHe). Interestingly, this gradi-
ent is the reverse of that found in normal tis-
sues.

 Lactate accumulation mirrors malignant po- •
tential in different types of human cancers. 

 The presence of hypoxic tissue areas with  •
oxygen tensions ≤2.5 mmHg is a characteris-
tic pathophysiological property of locally ad-
vanced solid tumors. 

 Pathogenesis of tumor hypoxia is multifacto- •
rial.

 Hypoxic and/or anoxic tissue areas are heter- •
ogeneously—both temporarily and spatially—
distributed within the tumor mass.

 Hypoxia-induced changes in gene expression  •
are mediated by a special set of transcription 
factors, mainly by the hypoxia-inducible fac-
tor-1 (HIF-1) and HIF-2. 

 Downstream effects of HIF activation include  •
modulation of glycolysis capacity (“Warburg 
effect”), cell survival, and increased angiogen-
esis.

 Tumor cell variants with adaptations favor- •
able to survival under hypoxic conditions may 
have growth advantages over non-adapted cells 
in the hypoxic microenvironment and expand 
through clonal selection.
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and tumor vasculature is often described as an “aberrant 
monster” (Shchors and Evan 2007). Consequently, tu-
mor blood flow is chaotic and heterogeneous. 

In this chapter, the consequences of the irregular 
structure and function of the tumor microcirculation 
and the self-perpetuating hostile pathophysiological 
microenvironment (via a vicious circle) will be de-
scribed. This overview considers, inter alia, many meta-
bolic, biophysical, and physico-biochemical parameters 
of the tumor microenvironment rather than focusing 
on the complex composition of the tumor stroma, the 
cells therein, and their factors secreted, the key com-
ponents of the tumor stroma, and the interactions be-
tween tumor cells, the extracellular matrix, and stromal 
cells (for reviews see, e.g., Mueller and Fusenig 2004; 
Witz and Levy-Nissenbaum 2006; Weinberg 2008; 
Ariztia et al. 2006; Cunha et al. 2003; Park et al. 
2000; Liotta and Kohn 2001; Fidler 2002; Unger 
and Weaver 2003; Denko et al. 2003).

4.2  
Tumor Vascularity  

As already mentioned, newly formed microvessels in 
most solid tumors do not conform to the normal mor-
phology of the host tissue vasculature (Fig. 4.1). The 

Table 4.1. The dozen crucial Ps characterizing the hos-
tile pathophysiological tumor microenvironment (“tumor 
pathophysiome”) 

Perfusion inadequacies/vascular chaos ↑

Perfusion heterogeneities ↑

Permeability of tumor microvessels ↑

Pressure of interstitial fluid ↑

Production of lactate ↑

Production of adenosine ↑

Paucity of nutrients ↑

Partial pressure of CO2 (pCO2) ↑

Paucity of bicarbonate ↑

Partial pressure of O2 (pO2) ↓

Production of high-energy compounds ↓

pH of extracellular compartment ↓

↑ = increase, change for the worse, ↓ = decrease

Fig. 4.1. Differences in microvasculature between normal tissues (upper panels) and malignant tumors (lower panels; courtesy of 
Prof. Dr. M.A. Konerding, Department of Anatomy and Cell Biology, University of Mainz)
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Fig. 4.2. Flow chart describing the 
mechanisms responsible for the increase 
in geometric and viscous resistance to 
flow caused by structural and functional 
abnormalities of the tumor microvas-
culature, which lead to a hostile tumor 
microenvironment

tumor vasculature can be described as a system that is 
maximally stimulated, yet only minimally fulfills the 
metabolic demands of the growing tumor that it sup-
plies (Hirst and Flitney 1997).

Microvessels in solid tumors exhibit a large series 
of severe structural and functional abnormalities (see 
Table 4.2). They are often dilated, tortuous, elongated, 
and saccular. There is significant arterio-venous shunt 
perfusion (see Sect. 4.4) accompanied by a chaotic vas-
cular organization that lacks any regulation matched to 
the metabolic demands or functional status of the tis-
sue. Excessive branching is a common finding, often 
coinciding with blind vascular endings. Incomplete or 
even missing endothelial lining and interrupted base-
ment membranes result in an increased vascular per-
meability with extravasation of blood plasma and of 
red blood cells expanding the interstitial fluid space 
and drastically increasing the hydrostatic pressure in 
the tumor interstitium (see Sect. 4.6). In solid tumors 
there is a rise in viscous resistance to flow caused 
mainly by hemoconcentration (increase in hematocrit 
of between 5 and 14%, Butler et al. 1975; Vaupel and 
Kallinowski 1987; Sevick and Jain 1989; Fig. 4.2, 
Table 4.2). Aberrant vascular morphology and a de-
crease in vessel density are respon sible for an increase 
in geometric resistance to flow, which can lead to an 
inadequate perfusion. Substantial spatial heterogene-
ity in the distribution of tumor vessels and significant 
temporal heterogeneity in the microcirculation within a 
tumor (Gillies et al. 1999) may result in a considerably 
anisotropic distribution of tumor tissue oxygenation 
and a number of other factors, which are usually closely 

linked and which define the so-called pathophysiologi-
cal microenviron ment. Variations in these relevant pa-
rameters between tumors are often more pronounced 
than differences occurring between different locations 
or microareas within a tumor (Vaupel and Höckel 
2000; Vaupel et al. 2001, 2003). 

4.3  
Tumor Blood Flow

A number of studies on blood flow through human tu-
mors have been reported. Some of them are anecdotal 
reports rather than systematic investigations, and there-
fore definite conclusions cannot be drawn partly due to 
the use of non-validated techniques to measure flow in 
volume flow rate units. Considering the presently avail-
able data, the following conclusions can be drawn when 
flow data derived from different reports are pooled (for 
reviews see Vaupel et al. 1989; Vaupel and Jain 1991; 
Vaupel 1990, 1992, 1993, 1994a, 1998, 2004b, 2006):

 Blood flow can vary considerably despite similar 1. 
histological classification and primary site (0.01–2.9 
ml/g/min; Fig. 4.3; Vaupel 2006; Lyng et al. 2001; 
Haider et al. 2005).
 Tumors can have flow rates that are similar to those 2. 
measured in organs with a high metabolic rate such 
as liver, heart, or brain.
 Some tumors exhibit flow rates that are even lower 3. 
than those of tissues with a low metabolic rate such 
as skin, resting muscle, or adipose tissue.
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1. Blood vessels 

Missing differentiation

Loss of vessel hierarchy (disorganized vascular network)

Increased intervessel distances

Existence of avascular areas

Large diameter (sinusoidal) microvessels

Elongated, tortuous (convoluted) vessels

Contour irregularities

Saccular microvessels, blind endings

Aberrant branching (Konerding et al. 2001)

Haphazard pattern of vessel interconnection

Incomplete endothelial lining, fenestrations

Interrupted or absent basement membranes

Presence of lumen-less endothelial cell cords

Existence of vessel-like cavities not connected to the blood 
stream

Existence of tumor cell-lined vascular channels 
(“vascular mimicry”)

Arterio-venous anastomoses (shunts)

Vessels originating from the venous side

Missing innervation

Lack of physiological/pharmacological receptors

Lack of smooth muscle cells

Poor or absent coverage by pericytes

Absence of vasomotion 

Absence of flow regulation

Increased vascular permeability, plasma leakage

Table 4.2. Major structural and functional irregularities of tumor microvessels (updated from Vaupel 2006)

1. Blood vessels (continued)

Increased geometric resistance to flow

Increase in hematocrit within tumor microvessels  
by 5–14%

Increased viscous resistance to flow

Unstable flow velocities (about 85% of all micro-
vessels, Reinhold and van den Berg-Blok 1987, 
Kimura et al. 1996)

Unstable direction of flow

Intermittent flow, regurgitation 
(about 5% of all microvessels, Kimura et al. 1996)

Flow stasis (about 1% of all microvessels, 
Kimura et al. 1996)

Plasma flow only (about 8% of all microvessels,  
Kimura et al. 1996)

Formation of platelet/leukocytes-clusters  
(Baronzio et al. 2003)

Thrombus formations

Formation of RBC aggregates

Reduced Fahraeus-Lindqvist effect

Acidosis-induced rigidity of RBCs

2. Lymphatic vessels

Commonly infiltrated by tumor cells (periphery)

Flattened vessels without lumen (center)

VEGF-C- and VEGF-D-induced growth  
at tumor margin

Inadequate lymphatic drainage in the tumor center

Interstitial fluid flow

Interstitial hypertension

It is not only the quantity of microvessels that counts, but 
also—or even more so—the quality of vascular function in 
terms of the tumor tissue supply or drainage!
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 Blood flow in human tumors can be higher or lower 4. 
than that of the tissue of origin, depending on the 
functional state of the latter tissue (e.g., average 
blood flow in breast cancers is substantially higher 
than that of postmenopausal breast and significantly 
lower than flow data obtained in the lactating, pa-
renchymal breast).
 The average perfusion rate of carcinomas does not 5. 
deviate substantially from that of soft tissue sarco-
mas.
 Metastatic lesions exhibit a blood supply that is 6. 
comparable to that of the primary tumor perhaps 
with the exception of those secondary lesions in the 
liver, which are preferentially supplied by the portal 
system (due to lower perfusion pressure). 
 In some tumor entities, blood flow in the periphery 7. 
is distinctly higher than in the center, whereas in 
others, blood flow is significantly higher at the tu-
mor center compared with the tumor edge.
 Flow data from multiple sites of measurement show 8. 
marked heterogeneity within individual tumors. In 
cervical cancer, the intratumor heterogeneity was 
similar to the intertumor heterogeneity (Lyng et al. 
2001).
 There is substantial temporal flow heterogeneity on 9. 
a microscopic level within human tumors as shown 
by multichannel laser Doppler flowmetry (Hill 
et al. 1996; Pigott et al. 1996).

 There is no association between tumor size and 10. 
blood flow in many cancers (e.g., Wilson et al. 
1992; Lyng et al. 2001).
 Tumor blood flow is not regulated according to the 11. 
metabolic demand as is the case in normal tissues.

4.4  
Arterio-Venous Shunt Perfusion in Tumors

First rough estimations concerning the arterio-venous 
shunt flow in malignant tumors showed that at least 30% 
of the arterial blood can pass through experimental tu-
mors without participating in the microcirculatory ex-
change processes (Vaupel et al. 1978; Weiss et al. 1979; 
Endrich et al. 1982). In patients receiving intraarterial 
chemotherapy for head and neck cancer, shunt flow is 
reported to be 8–43% of total tumor blood flow, the lat-
ter consistently exceeding normal tissue perfusion of the 
scalp (Wheeler et al. 1986). The mean fractional shunt 
perfusion of tumors was 23 ± 13% in studies utilizing 
99mTc-labeled macroaggregated albumin (diameter of 
the particles, 15–90 µm). The significance of this shunt 
flow on local, intratumor pharmacokinetics, on the de-
velopment of hypoxia, and on other relevant metabolic 
phenomena has not yet been systematically studied and 
remains speculative. 

Fig. 4.3. Variability of blood flow rates in solid 
tumors (SCC = squamous cell carcinomas, modi-
fied from Vaupel and Höckel 2000)
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4.5  
Volume and Characteristics 
of the Tumor Interstitial Space

The interstitial compartment of solid tumors is signfi-
cantly different from that of most normal tissues (Vau-
pel and Mueller-Klieser 1983). In general, the tu-
mor interstitial space is characterized by 

 an expansion of its volume, which is three to five 1. 
times larger than in most normal tissues (Fig. 4.4), 
 high interstitial hydraulic conductivity and diffusiv-2. 
ity,
 a relatively large quantity of mobile, i.e., freely mov-3. 
ing fluid in contrast to normal tissues where almost 
all of the fluid is in the gel phase, and
 a quick spread of water-soluble agents (e.g., contrast 4. 
agents) due to significant extravascular convection 
(Reinhold 1971).

4.6  
Interstitial Fluid Pressure and Convective 
Currents into the Interstitial Space of Tumors

As already mentioned, the growing tumor produces 
new, often abnormally leaky (hyper-permeable) mi-

crovessels, but is unable to form its own functional lym-
phatics (Fukumura and Jain 2007). As a result, there 
is significant bulk flow of free fluid into the interstitial 
space. Whereas convective currents into the intersti-
tial compartment are estimated to be about 0.5–1% of 
plasma flow in normal tissue, in human cancers water 
efflux into the interstitium can reach 15% of the respec-
tive plasma flow (Vaupel 1994a; see Fig. 4.5). 

After seeping copiously out of the highly permeable 
tumor microvessels—an equilibrium is reached when the 
hydrostatic and oncotic pressures within the microves-
sels and the respective interstitial pressures become 
equal—fluid accumulates in the tumor extracellular 
matrix and a high interstitial fluid pressure (IFP) builds 
up in solid tumors (Young et al. 1950; Gutmann et al. 
1992; Less et al. 1992; Milosevic et al. 2001, 2004). 

Besides vessel hyper-permeability and lack of func-
tional lymphatics, interstitial fibrosis and contraction 
of the interstitial space mediated by stromal fibroblasts 
may contribute to the development of interstitial hy-
pertension (Heldin et al. 2004). Whereas in most nor-
mal tissues IFP is slightly subatmospheric (“negative”) 
or just above atmospheric values (Guyton and Hall 
2006), an interstitial hypertension with values up to 60–
70 mmHg (Heldin et al. 2004; Lunt et al. 2008; Table 
4.3) develops in cancers that forms a “physiologic” bar-
rier to the delivery of therapeutic macromolecules to 
the cancer cells.

Fig. 4.4. Mean relative volumes 
of the intracellular fluid, the 
vascular compartment, and the 
interstitial fluid space in malig-
nant tumors (right panel) and in 
normal tissue (left panel; adapted 
from Vaupel 1994a)
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Table 4.3. Interstitial fluid pressure in normal tissues and in human tumors 

type of tissue Mean interstitial fluid pressure 
(mmHg) [range]

Authors

A. Normal tissues

Breast tissue 0 Jain (1994)

Skin −2
−0.3
 0.4

Guyton and Hall (2006)
Nathanson and Nelson (1994)
Jain (1994)

Subcutis −3 Guyton and Hall (2006)

Fibrous tissue −3 Gutmann et al. (1992)

Submucosa (paravaginal) 1 Milosevic et al. (1998)

Tightly encased tissues
   Brain
   Kidney

4 to 6
6

Guyton and Hall (2006)
Guyton and Hall (2006)

B. Malignant tumors

Renal cell carcinomas 38 Less et al. (1992)

Cervix cancers 16 [10–26]
19 [−6 to 76]

19 [3 to 48]
15 [6 to 40]

19 [−3 to 48]

Roh et al. (1991)
Milosevic et al. (1998)
Milosevic et al. (2001)
Haider et al. (2005)
Fyles et al. (2006)

Liver metastases (colorectal) 21 [4 to 45] Less et al. (1992)

Head and neck carcinomas 15 [4 to 33] Gutmann et al. (1992)

Breast carcinomas
Breast ca. (invasive, ductal)

17 [4 to 33]
29

Less et al. (1992)
Nathanson and Nelson (1994)

Melanomas 29 [0–110] Curti et al. (1993)

Metastatic melanomas 14 [2–41]
33 [20–50]

Boucher et al. (1991)
Less et al. (1992)

Non-Hodgkin’s lymphomas 5 [1–12.5] Curti et al. (1993)

Lung carcinomas 10 Jain (1994)

The tumor IFP is rather uniform throughout the 
center of the tumor, but drops steeply in the periphery. 
Fluid is squeezed out of the high- to the low-pressure 
regions at the tumor/normal tissue interface, carrying 
away antitumor drugs.

Despite increased overall leakiness, not all tumor 
microvessels are leaky. Vascular permeability varies 
from tumor to tumor and exhibits spatio-temporal 
heterogeneity within the same tumor as well as during 
tumor growth or regression. Furthermore, IFP in tu-
mors fluctuates with changing microvascular pressures 
(Netti et al. 1995).

Transmural coupling between IFP and microvas-
cular pressure due to the high permeability of tumor 
microvessels can abolish perfusion pressure differences 
between up- and down-stream tumor blood vessels and 
thus can lead to blood flow stasis in tumors without 
“physically” occluding (compressing) the vessels (Fuku-
mura and Jain 2007). The equilibration of hydrostatic 
pressures between the interstitial and microvascular 
compartments is accompanied by a similar equilibra-
tion of oncotic pressures in both spaces (20.0 mmHg in 
plasma vs. 20.5 mmHg in solid tumors; Stohrer et al. 
2000).
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4.7  
Tumor Hypoxia

In the following subsections (4.7.1–4.7.8), current 
knowledge concerning the oxygenation status of tumors 
and the occurrence of hypoxia in solid malig nancies has 
been compiled, and the mechanisms causing tumor hyp-
oxia are dis cussed. All data pre sented here are derived 
from clinical studies on the pretreatment oxygenation 
status of solid tumors using the computerized oxygen 
sensors (pO2 histography system). This technique—
based on a mechanically stable O2 microsensor—is 
minimally invasive and allows the direct and reliable 
measurement of oxygen partial pressures (pO2 values) 
in tissues. It provides quantitative measures and is (still) 
regarded as the “gold standard” for the assessment of 
the tissue oxygenation status (Stone et al. 1993). 

4.7.1  
Definition of Hypoxia

In pathophysiological terms, hypoxia is defined as a 
state of reduced O2 availability or decreased O2 par-
tial pressures (O2 tensions, pO2 values) below critical 
thresholds, thus resulting in limitations of character-
istic cellular or organ functions (Höckel and Vaupel 
2001a). In contrast to normal tissues, malignant tumors 
obviously have no “physiological” functions. Thus, tu-
mor hypoxia cannot be defined by functional deficits, 
although areas of necrosis—which are often found in tu-
mors on microscopic examination—indicate the loss of 
vital cellular functions. In the following, the term hyp-
oxia is used to describe critical O2 levels below which 
clinical, biological, and/or molecular effects are pro-
gressively observed (e.g., acquired treatment resistance, 
ATP depletion, binding of hypoxic markers, slowing 
of proliferation rate, proteome and genome changes, 
metabolic hypoxic stress response, and development of 
an aggressive phenotype). In this discussion of hypoxic 
thresholds, it is important to note that, for any particu-
lar functional parameter, a sharp threshold between 
“hypoxia” (i.e., more hypoxic tumors) and “normoxia” 
(i.e., less hypoxic tumors) does not exist and should 
not be expected (Höckel and Vaupel 2001a). Gener-
ally, four descriptors of the tumor oxygenation status 
are used: the median tumor pO2 value, the fraction of 
pO2 values ≤2.5 mmHg (HF 2.5), the fraction of pO2 
values ≤5 mmHg (HF 5), and the fraction of pO2 values 
≤10 mmHg (HF 10).

Unfortunately, in an increasing number of reports 
on tumor oxygenation, the term hypoxia has been used 
in a somewhat unprecise manner, with clear definitions 
for the (experimental) conditions used and scientific 
questions being asked frequently not having been pro-
vided. As a result, discussions involving researchers and 
clinicians have often led to confusion since the single 
term hypoxia has been used by many groups to describe 
quite different conditions (Höckel and Vaupel 2001a). 
Anoxia describes the (patho-)physiological state where 
no O2 is detectable (measurable) in the tissue (pO2 = 
0 mmHg).

4.7.2  
Pathogenesis of Tumor Hypoxia

Investigations carried out in the clinical setting over 
the last 2 decades demonstrated that the presence of 
hypoxic tissue areas with pO2 values ≤2.5 mmHg is a 
characteristic pathophysiological property of locally ad-

Fig. 4.5. Interstitial fluid flow (IFF) as a function of blood 
flow (TBF) in xenografted human ovarian cancers (lower part). 
Schematic representation of convective fluid currents in normal 
and tumor tissues (upper part; adapted from Vaupel 2004b)
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vanced solid tumors, and such areas have been found 
in a wide range of human malig nancies. Evidence has 
accumulated showing that at least 50–60% of locally 
advanced solid tumors may exhibit hypoxic and/or an-
oxic tissue areas that are heterogeneously distributed 
within the tumor mass. The hypoxic (or anoxic) areas 
arise as a result of an imbal ance between the supply and 
consumption of oxygen. Whereas in normal tissues or 
organs the O2 supply is matched to the metabolic re-

quirements, in solid tumors the O2 consumption rate of 
neo plastic as well as stromal cells may outweigh an in-
sufficient oxygen supply and result in the development 
of tissue areas with very low O2 levels.

Tumor hypoxia predominantly results from an inad-
equate perfusion due to se vere structural and functional 
abnormalities of the tumor microcirculation (see Fig. 4.6; 
for reviews see Vaupel 1994a, 2004b, 2006, Vaupel et al. 
1989). Hypoxic (micro-) regions are heterogeneous ly 

Fig. 4.6. Key factors in the pathogenesis of tumor hypoxia

Fig. 4.7. Schematic representation of 2D profiles 
of relevant microenvironmental parameters within 
the intervessel space of tumors (adapted from 
Vaupel 2004b)
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distributed within the tumor mass and may be located 
adjacent to regions with O2 tensions in the range of those 
found in the normal tissue neighboring the neoplastic 
lesion. Perfu sion-limited O2 delivery leads to ischemic 
hypoxia, which is often transient. For this reason, this 
type of hypoxia is also called “acute” hyp oxia, a term that 
does not take into account the mechanisms underlying 
this condition (Vaupel and Mayer 2005; Vaupel et al. 
2004). Alternatively, “acute” hypoxia often results as a 
consequence of transient flow with plasma only due to 
the very low O2 content in plasma (Groebe and Vaupel 
1988; Vaupel et al. 1988). 

Hypoxia in tumors can also be caused by an increase 
in diffusion distances, so that cells far away (>70 µm) 
from the nutritive blood vessel receive less oxygen than 
required (see Fig. 4.7). This condition is termed diffu-
sion-limited hypoxia, also known as “chronic” hypoxia. 
In addition to enlarged diffu sion distances, an adverse 
diffusion geometry (e.g., concurrent vs. counter current 
tumor micro vessels) can also cause hypoxia (Vaupel 
and Harrison 2004).

Tumor-associated or therapy-induced anemia can 
lead to a reduced O2 transport capacity of the blood, 
a major (systemic) factor contributing to the develop-
ment of hypoxia (anemic hypoxia). This type of hypoxia 
is especially pronounced in tumors or tumor areas ex-
hibiting low perfusion rates. A similar condition can 
be caused by carboxyhemoglobin (HbCO) formation 
in heavy smokers, which leads to a functional anemia, 
since hemoglobin blocked by carbon monoxide (CO) is 
no longer capable of transporting oxy gen. 

As already mentioned, tumor microvessels are fre-
quently per fused (at least tran siently) by plasma only. In 
this situation, hypoxemic hypoxia develops very rapidly 
around these vessels because only a few tumor cells at 
the arterial end can be sup plied adequately. Similarly, 
hypoxia can rapidly develop in (primary or metastatic) 
liver tumors that are preferentially supplied by branches 
of the portal vein. There is abundant evidence for the 
existence of a substantial heterogeneity in the develop-
ment and extent of tumor hypoxia due to pronounced 
intra-tumor (and inter-tumor) variabilities in vascular-
ity and perfusion rates (for reviews see Vaupel 1994a, 
2004b; Vaupel et al. 1989, 2007).

4.7.3  
Oxygenation Status of Carcinomas 
of the Uterine Cervix

Current knowledge on the oxygenation status of primary 
cancers of the uterine cervix generally refers to prether-
apeutic data obtained in pre- and postmenopausal, con-

scious women. Mean and median O2 tensions obtained 
from >13,500 measurements in 150 primary carcino-
mas of the uterine cervix were, on average, distinctly 
lower than in normal tissues (see Fig. 4.8). Oxygen 
tensions measured in the normal cervix of nul liparous 
women revealed a median pO2 of 42 mmHg, whereas 
in locally ad vanced cancers of the cervix (stages FIGO 
Ib-IVa), the median pO2 was 10 mmHg (see Table 4.4). 
When tumors of different clinical sizes are compared, 
there is no evidence of a correlation between the maxi-
mum tumor diameter and the median pO2, the fraction 
of pO2 values ≤2.5 mmHg, or the fraction of pO2 values 
≤5 mmHg. In addition, there is no characteristic topo-
logical distribution of O2 tensions within cervix cancers 
(i.e., as a function of the measurement site; e.g., tumor 
periphery vs. tumor center).

The oxygenation status and the extent of pre-
therapeutically measured hypoxic tissue areas are 
independent of the FIGO stage, histological type, and 
pathohistological grade. Similarly, there was no as-
sociation between the oxygenation patterns and parity, 
menopausal status, smoking habits, or a series of other 
clinically relevant parameters. In cervical cancers, the 
median pO2 values rose with in creasing hemoglobin 
concentrations over the range from 10 to 13 g/dl. At Hb 
levels >14 g/dl, a worsening of the tumor oxygenation 
became apparent (Vaupel and Mayer 2005; Vaupel 
et al. 2002b, 2006a). These data suggest that an optimal 
cHb range exists with regard to the median pO2. The 
rise in the median pO2 is based on an increase in the 
O2 transport capacity of the blood with increases in 
cHb values up to approximately 13 g/dl. At higher 
cHb values, this effect is counteracted by a substantial 
increase in the viscous resistance to flow (i.e., a dete-
rioration of the blood’s rheological properties) caused 
by a pronounced increase in blood viscosity within the 
chaotic microvasculature, which is further aggravated 
by a high vascular permeability (leaky blood vessel 
walls) that obligatorily leads to a severe intratumor 
hemoconcentration, finally leading to a net reduction 
in oxygen supply (Vaupel and Mayer 2004; Vaupel 
et al. 2006a). About 60% of locally advanced carcino-
mas of the uterine cervix (FIGO stages Ib-III) exhibited 
hypoxic (pO2 ≤2.5 mmHg) and/or anoxic (pO2 = 0 
mmHg) tissue areas, which are heterogeneously dis-
tributed within the tumor mass. 

From our systematic studies on the oxygenation 
status of locally advanced solid tumors, there was clear 
evidence that tumor-to-tumor variability in the oxygen-
ation status was significantly greater than intra-tumor 
variability, both for squamous cell carcinomas and for 
adenocarcinomas of the uterine cervix (Höckel and 
Vaupel 2001a,b; Höckel et al. 1999).
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Fig. 4.8. Frequency distribution (histograms) of oxygen par-
tial pressures (pO2) measured in normal breast (upper left pan-
el) and in locally advanced breast cancers (T1b-T4, upper right 
panel), in normal cervix of nullipara (lower left panel), and in 

squamous cell carcinomas (SCC) of the uterine cervix (lower 
right panel). N = number of patients; n = number of pO2 values 
measured (reviewed in Vaupel et al. 2007)

In order to clarify whether the pathological tumor 
stage (pT) rather than the FIGO stage may have an 
impact on the oxygenation status, pathological tumor 
staging was performed based on histopathological in-
vestigation of the surgical specimens following radical 
hysterectomy or exenteration and lymph node dissec-
tion in a subgroup of 65 patients treated with primary 
surgery (with curative intent). This procedure identified 
a median maximum (histological) tumor diameter of 40 
mm (Höckel and Vaupel 2001a, 2003). In tumors with 
a maximum extension <40 mm (n = 37), the median 
pO2 was 11 mmHg, which was significant ly higher than 
the respective pO2 value in tumors with a maximum 
diameter >40 mm (n = 28, median pO2 = 5 mmHg; p 
< 0.05). Median pO2 values in stage pT1b tumors were 
significantly higher (18 mmHg) than in pT2b lesions 
(5 mmHg, p < 0.05). Hypoxic fractions were slightly 
lower in pT1b (bulky) tumors than in pT2b malignan-
cies. From these data it can be concluded that only a 
detailed histopathological tumor staging using surgical 

specimens enables detection of stage- and size-related 
differences in the oxygenation status of primary cancers 
of the uterine cervix. Clinical tumor dimensions and 
FIGO staging are not sufficiently accurate to allow for 
the estimation and characterization of the tumor oxy-
genation (Höckel and Vaupel 2001a). 

In an earlier study, SundfØr et al. (1998a) pointed 
out that adenocarcinomas (AC) of the uterine cervix 
were significantly better oxygenated than squamous cell 
carcinomas (SCC). In our studies, however, pO2 values 
were comparable in tumors of both histologies: median 
pO2 = 11 mmHg in SCC vs. 12 mmHg in AC, and mean 
pO2 = 16 mmHg in SCC vs. 18 mmHg in AC. There 
were only slight differences in the fraction of pO2 values 
≤2.5 mmHg (25% in SCC vs. 16% in AC), in the frac-
tion of pO2 values ≤5 mmHg (38% in SCC vs. 32% in 
AC), and in the percentage of patients with tumor pO2 
values ≤2.5 mmHg (60% in SCC vs. 66% in AC). The 
better stage-for-stage prognosis for SCC than for AC of 
the uterine cervix thus cannot be explained by a sub-
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Fig. 4.9. Overall survival probabilities stratified by tumor oxygenation status, estimated by Kaplan-
Meier methods for patients with advanced cancers of the uterine cervix (modified from Höckel 
et al. 1996b). n = number of patients

stantially different oxygenation status between tumors 
with these histologies. 

Measurements of intra-tumoral oxygenation in lo-
cally recurrent cervical carcinomas with a methodolog-
ical approach similar to that developed for the primary 
disease showed a pronounced shift to more hypoxic 
oxygenation profiles in the recurrent tumors as com-
pared to the primary lesions (Höckel et al. 1998). Me-
dian pO2 values in 53 pelvic recurrences of SCC were 
significantly lower than the median pO2 values of 117 
primary tumors of comparable sizes (7 mmHg vs. 12 
mmHg, p < 0.001). 

In locally recurrent tumors, no significant dif-
ferences in the oxygenation status between SCC and 
AC were observed. For both histologies the median 
pO2 was lower, and the hypoxic fraction with pO2 values 
≤2.5 mmHg was higher in recurrent tumors than in the 
primaries. The percentage of patients with pO2 values 
≤2.5 mmHg in recurrent tumors was 77% for SCC (n = 
46) and 87% for AC (n = 14), respectively.

An analysis of inter-group differences in tumor oxy-
genation indicated that the greater the extent of hypoxia 
in primary tumors, the higher the probability of local 
recurrence of cervix cancers.

When the available data on pretreatment tumor 
oxygenation of locally advanced cancers of the uterine 
cervix is summarized (Höckel and Vaupel 2001b; 
Vaupel and Höckel 2001; Höckel et al. 1991, 1998; 
Vaupel et al. 2007), there is evidence that
a) Oxygenation in tumors is heterogeneous and com-

promised as compared to normal tissues.
b) Tumor oxygenation is not regulated according to 

the metabolic demands as is the case in normal tis-
sues.

c) Causative factors for the development of hypoxia 
are limitations in perfusion and diffusion as well as 
tumor-associated anemia.

d) On average, the median pO2 values in primary can-
cers of the uterine cervix are lower than those in the 
normal cervix.

e) Many cervical cancers contain hypoxic tissue areas 
(at least 60% in SCC).

f) There is no characteristic topological distribution of 
O2 tensions within cervix cancers.

g) Tumor-to-tumor variability in oxygenation is greater 
than intra-tumor variability.

h) Tumor oxygenation is independent of various pa-
tient demographics (e.g., age, menopausal status, 
parity).

i) Anemia (found in approximately 30% of patients 
at diagnosis) considerably contributes to the devel-
opment of hypoxia, especially in low-flow tumor 
areas.

j) In cervix cancers of moderately/severely anemic pa-
tients, hypoxic areas are more frequently found than 
in non-anemic patients.

k) Tumor oxygenation and the extent of hypoxia are in-
dependent of clinical size, FIGO stage, histological 
type (SCC vs. AC), grade, and lymph node status.

l) Tumor oxygenation is weakly dependent on the 
pathological tumor stage (pT stage). 

m) Local recurrences of cervix cancers have a higher 
hypoxic fraction than the primary tumors.

n) Hypoxia in cervical cancers has been found to be of 
prognostic significance in many investigations (see 
Table 4.4 and Fig. 4.9).
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Table 4.4. Pretherapeutic oxygenation status of primary, locally advanced cancer of the uterine cervix and prognostic signifi-
cance of tumor hypoxia (n = number of patients)

 
Center

 
n

 
Median po2

 
HF 2.5

 
HF 5

 
HF 10

Prognostic significance  
of tumor hypoxia

 
References

(mmHg)
[range]

(%) (%) (%) endpoint oxygenation 
parameter

Mainz/
Leipzig

150 10 [2–34] 23 37 50 DFS, OS pO2 <10 mmHg Höckel et al. (1993a,b, 
1996a,b) 

Toronto 135 5 [0–94] 50 DFS, PFS, DSa pO2 <5 mmHg Doll et al. (2003), Fyles 
et al. (1998, 2002), Milo-
sevic et al. (2001b), Pit-
son et al. (2001), Wong 
et al. (1997) 

Halle   87 17 [0–81] 16 26 Dunst et al. (1999, 
2003a), Hänsgen et al. 
(2001) 

Leipzig   86 5 [1–57] Leo et al. (2005)

Vienna   51 10 [0–60] 22 28 50 DFS, (LC) pO2 <10 mmHg Knocke et al. (1999) 

Oslo   49 4 [1–25] 47 64 76 DFS, OS, LC 
DS

HSVb

pO2 <5 mmHg
pO2 <10 mmHg

Lyng et al. (1997, 2000), 
Rofstad et al. (2000), 
SundfØr et al. (1997, 
1998a,b, 2000)

Manche-
ster

  43

  30

3 [0–42]

6 [0–41]

39 58 75 Airley et al. (2001), 
Cooper et al. (1999), 
Nordsmark et al. (2003), 
Cooper et al. (2000) 

Paris   37 12 15 17 21 Lartigau et al. (1992a,b, 
1999) 

Aarhus   24 3 [0–19] 49 61 73 Nordsmark et al. (2003) 

Vancouver   19 3 [0–34] 38 66 76 Acquino-Parsons et al. 
(2000), Nordsmark et al. 
(2003) 

Vienna   10 17 [3–54] 42 Weitmann et al. (2003)

Durham     9 5 61 Brizel et al. (1995) 

Overall 730 9 28 44 59 Vaupel et al. (2007)

a In node-negative patients
bHypoxic subvolume calculated as the product of the total tumor volume and the relative frequency of hypoxic pO2 readings 
<5 mmHg

There may be some overlaps in patients reported from the same institution. Empty boxes indicate lack of suitable information. 

DFS = disease-free survival, OS = overall survival, PFS = progression-free survival, DS = distant spread, LC = local control
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4.7.4  
Oxygenation Status of Primary and Metastatic 
Cancers of the Head and neck

The accessibility of primary and metastatic squamous 
cell carcinomas (SCC) of the head and neck for tu-
mor oxygenation assessment has meant that these tu-
mors have received considerable attention with a large 
number of studies already documented (see Table 4.5). 
Reliable O2-sensitive polarographic electrodes for mea-
surement of O2 tensions in head and neck cancers were 
first used by Gatenby et al. (1985, 1988). These authors 
convincingly demonstrated that hypoxia in advanced 
tumors was associated with a poor prognosis.

Relevant oxygenation data derived from primary 
head and neck tumors (Becker et al. 1998a,b, 2000; 
Brizel et al. 1997, 1999; Fleckenstein et al. 1988; 
Lartigau et al. 1998; Saumweber et al. 1995; Stadler 
et al. 1998, 1999) and from metastatic lesions of SCC of 
the head and neck (Becker et al. 1998a,b, 2000; Brizel 
et al. 1997, 1999; Eble et al. 1995; Füller et al. 1994; 
Lartigau et al. 1993, 1994, 1998; Martin et al. 1993; 
Nordsmark et al. 1996b; Stadler et al. 1999; Strnad 
et al. 1997) were summarized in 1998 (see Fig. 4.10; 
Vaupel et al. 1998) and in 2001 (see Fig. 4.9; Vaupel 
2001). The latter pO2 measurements published between 
1988 and 2000 confirm, in essence, the oxygenation pat-
tern described for cancers of the uterine cervix. 

For primary tumors the following descriptive pa-
rameters for the oxygenation status (pooled data) have 
been calculated: overall median pO2 = 13 mmHg and 
overall HF 2.5 = 19%. A pronounced inter-institutional 
difference becomes obvious when the data from several 
centers are compared, with less hypoxic tumors be-
ing reported by the Stanford group (Terris 2000) and 
Durham (Duke) documenting more patients with more 
hyp oxic tumors (Brizel et al. 1997, 1999).

For metastatic tumors, the following descriptive pa-
rameters for the oxygenation status have been assessed 
(pooled data collected between 1993 and 2000): overall 
median pO2 = 13.5 mmHg and overall HF 2.5 = 17%. 
On comparing these latter data with pO2 parameters of 
primary tumors, it becomes evident that no obvious dif-
ference between the oxygenation status of primary and 
metastatic tumors of the head and neck exists. Again, 
pronounced inter-institutional differences can be seen, 
with Stanford reporting relatively more patients with 
less hypoxic tumors and Durham more patients with 
more hypoxic tumors. 

An updated summary of all major studies on the 
oxygenation status of head and neck cancers and on 
the relationship between pretreatment pO2 measure-
ments and survival in advanced tumors after primary 

radiotherapy has been published by Nordsmark et al. 
(2005). In Table 4.5 tumor oxygenation data and sur-
vival in 397 primary head and neck cancers as sum-
marized by Nordsmark et al. (2005) and updated to 
include results communicated subsequently are shown 
(Clavo et al. 2004; Le et al. 2003).

As was the case for cancers of the uterine cervix, 
pO2 data clearly show that an optimal Hb level with re-
gard to the median pO2 values of head and neck cancers 
is seen at cHb values of between 12.5 and 14.5 g/dl (see 
Fig. 4.11; Becker et al. 2000; Nordsmark et al. 2005; 
Vaupel and Mayer 2004; Vaupel et al. 2005, 2006a). 
Furthermore, when comparing the parameters of the 
oxygenation status, there is a trend suggesting that can-

Fig. 4.10. Compilation of pO2 histograms (i.e., frequency 
distributions of measured pO2 values) for normal tissues (left) 
and for malignant tumors growing in the respective tissue site 
(right). SCC = squamous cell carcinomas (adapted from Vau-
pel et al. 1998)
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Table 4.5. Pretherapeutic oxygenation status of head and neck cancersa and prognostic significance of tumor hypoxia (n = 
number of patients)

 
Center

 
n

Median 
po2

 
HF 2.5

 
HF 5

Prognostic significance  
of tumor hypoxia

 
References

(mmHg)
[range]

(%) (%) endpoint oxygenation 
parameter

Halle/ 
Munich

125 9 [0–59] 33 OS HSVb  Dunst et al. (2003)

Durham   86 5 [0–60] 51 DFS, OS, LC pO2 <10 mmHg Brizel et al. (1997, 1999), 
Nordsmark et al. (2005)

Aarhus   67 13 [0–54] 22 32 LC pO2 <2.5 mmHg Nordsmark and Overgaard 
(2000, 2004)

Stanford   65 12 [0–45] 25 Le et al. (2003)

Heidelberg   44 7 [0–60] 25 44 OS pO2 <2.5 mmHg Rudat et al. (2000, 2001)

Paris   40 9 [0–55] 22 41 Lartigau et al. (1993), Martin 
et al. (1993), Nordsmark et al. 
(2005)

Stanford   37 19 [0–77] 16 21 LC Median pO2 (trend) Adam et al. (1999) 

Heidelberg   37 3 45 58 No evidence Dietz et al. (2000, 2003)

Stanford   25 18 [0–51] 0 2 No evidence Terris (2000) 

Aachen   20 11 [0–22] 32 44 Di Martino et al. (2005)

Las Palmas   16 16 20 29 Clavo et al. (2004) 

Leipzig/
Aachen

  16 10 Scholbach et al. (2005)

Erlangen   14 16 19 35 Strnad et al. (1997)

Overall 592 10 21 32 Vaupel et al. (2007)

a Tumor oxygenation was measured in neck node metastases (predominantly) and in primary cancers
bHypoxic subvolume calculated as the product of the total tumor volume and the relative frequency of hypoxic pO2 readings 
<5 mmHg

There may be some overlaps in patients reported from the same institution. Empty boxes indicate lack of suitable information.

For further explanations, see Table 4.4.
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cers of the head and neck may be slightly better oxygen-
ated than cervical cancers (Tables 4.4 and 4.5), due pri-
marily to the smaller hypoxic fractions found in head 
and neck tumors. Hypoxia in head and neck cancers is 
of prognostic significance in many investigations (see 
Table 4.5). 

4.7.5  
Oxygenation Status of Breast Cancers

Many breast cancers reveal hypoxic tissue areas that 
are heterogeneously distributed within the tumor mass. 
Mean and median O2 tensions (pO2) obtained from dif-
ferent pathological stages and histological grades are on 
average distinctly lower than in the normal breast or in 
fibrocystic disease (Fig. 4.8). Oxygen tensions measured 
in normal breast tissue revealed a mean (and median) 
pO2 of 65 mmHg, whereas in breast cancers of stages 
T1b-T4, the median pO2 was 28 mmHg (Vaupel et al. 
1991). Nearly 60% of the primary breast cancers inves-
tigated exhibited pO2 values ≤2.5 mmHg, i.e., tissue 
areas with less than half-maximum radiosensitivity. In 
contrast, in the normal breast, pO2 values ≤12.5 mmHg 
were not found (Vaupel et al. 1991). In earlier studies 
on breast cancers, bimodal pO2 distribution curves were 
obtained indicating a relevant contribution of pO2 read-
ings from the stromal compartment of breast cancers 
in these measurements, possibly due to partial inflam-
mation. A contribution of pO2 readings in the stromal 

compartment is substantiated by the finding that pO2 
readings under ultrasound guidance are on average 
lower (Fig. 4.8). Thus, unintentional pO2 measurements 
in the stromal compartment of breast cancer can cause 
a shift in the pO2 histogram to higher values (Vaupel 
and Höckel 2004; Vaupel et al. 2002a). 

When tumors of different clinical sizes are com-
pared, there is no evidence of a correlation between the 
median pO2 and the diameter of the tumor. This implies 
that the oxygenation in breast cancers and the occur-
rence of hypoxia and/or anoxia do not correlate with 
clinical stage (Vaupel and Höckel 1999, 2000, 2004; 
Vaupel et al. 1991). Similarly, there is no association 
between tumor size and blood flow (Grischke et al. 
1994; Wilson et al. 1992). In addition, there is sub-
stantial evidence that the oxygenation patterns do not 
correlate with either histology (Falk et al. 1992; Vau-
pel et al. 1991) or a series of other clinically relevant 
parameters, e.g., hormone receptor status, parity, meno-
pausal status, and smoking habits (Vaupel et al. 1991). 
In contrast, a significant correlation between the mean 
pO2 values, fraction of hypoxic pO2 readings, the degree 
of differentiation, and prognostic markers was found in 
a subsequent study (Hohenberger et al. 1998).

No significant differences were found between pre- 
and postmenopausal patients, between lobular and duc-
tal carcinomas, and between tumors in the upper versus 
lower quadrants. No correlation between pathological 
staging or grading and the number of pO2 readings at 
zero level, the pO2 readings from 0 to 2.5 mmHg, the 

Fig. 4.11. Oxygenation status of squamous cell 
carcinomas of the head and neck and of the uter-
ine cervix (lower curve) and of the normal subcutis 
(upper curve) as a function of hemoglobin levels 
(cHb). n = number of patients
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mean or median pO2, and the 10th and 90th percentiles 
could be detected. Up to now, no correlations have been 
found between the oxygenation status of the tumors 
and the extent of necrosis or fibrosis (information based 
on qualitative evaluation). There is marked tumor-to-
tumor variability, even when tumors of the same clini-
cal size, stage (pT2), grade (G2), and histology (ductal 
carcinomas) are compared (Vaupel et al. 1991). For this 
reason, tumor oxygenation is unpredictable in terms of 
clinical size, stage, grade, or histological type.

The pretreatment oxygenation status in breast can-
cers tended to be poorer and the occurrence of hypoxia 
and/or anoxia was more frequent in anemic patients 
than in nonanemic women (cHb > 12 g/dl; Vaupel 
et al. 2002a, 2003a).

When comparing pO2 data of breast cancers mea-
sured with the computerized pO2 histography system 
by different institutions, significant inexplicable inter-
institutional variation in the oxygenation status was ob-
served (see Table 4.6). 

As was the case with primary tumors, the oxygen-
ation of metastatic lesions is generally heterogeneous 
and lower than that of normal tissues at the site of 
metastatic growth. Metastatic lesions of breast cancers 
tended to have a poorer oxygenation status than the pri-
maries. Local recurrences of breast cancers also seem 
to have a higher hypoxic fraction than the primary tu-
mors, although this information is based on only one 
communication (Füller et al. 1994).

4.7.6  
Oxygenation Status of Soft Tissue Sarcomas

As was the case with the tumor entities listed above, the 
oxygenation of soft tissue sarcomas (STS) was signifi-
cantly lower than that of the skeletal muscle (Vaupel 
et al. 1998; see Fig. 4.10; Nordsmark et al. 1994) or of 
benign tumors (e.g., lipomas, schwannomas; Bentzen 
et al. 2003). Tumor oxygenation was markedly het-

Table 4.6. Pretherapeutic oxygenation status of breast cancers (n = number of patients)a

Center n Median po2 HF 2.5 HF 5 HF 10 References

(mmHg) (%) (%) (%)

Munich 41 2 68 87 Raab et al. (2002)

Mainz/Leipzig 37 6 25 49 Vaupel et al. (2003a)

Berlinb 32 44 7 17 Hohenberger et al. (1998)

Mainz 18 28 6 15 32 Vaupel et al. (1991)

Mannheim 18 23 8 16 26 Runkel et al. (1994)

Durham 18  21 35 Vujaskovic et al. (2003)

Leipzig 15 10 30 45 50 Vaupel et al. (2002a)

Durham 15 6 Brizel (1999)

Durham 13 14 Jones et al. (2004)

Oxford   5 24 5 13 Falk et al. (1992)

Overall 212 10c 30c 47c 50c Vaupel et al. (2007)

a  No convincing data on the prognostic significance of tumor hypoxia in breast cancers available so far
b General anesthesia, inspiratory O2 concentration = 30%
c  Only pO2 readings obtained under ultrasound guidance included

There may be some overlaps in patients reported from the same institution. Empty boxes indicate lack of suitable information.
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erogeneous (Nordsmark et al. 1996a, 1997) with the 
variation in oxygenation between tumors being sig-
nificantly greater than that within tumors (Brizel et al. 
1994; Nordsmark et al. 1994, 1996a). No correlation 
was found between the oxygenation status and volume, 
histopathology, grade of malignancy, p53 status and 
other tumor features, or several patient characteristics 
(Nordsmark et al. 1996a, 2001). In addition, no asso-
ciation with electrode position within tumors (i.e., be-
tween the depth from the tumor surface and measured 
pO2 values) was seen (Brizel et al. 1994). In contrast 
to the tumor entities described above, no correlation 
with Hb levels was found (Nordsmark et al. 1996a). 
Again, a pronounced inter-institutional variation be-
comes obvious when data from several centers are com-
pared, with less hypoxic tumors reported by the Aarhus 
group (Nordsmark et al. 1994, 1997) and the group 

from Philadelphia (Evans et al. 2001). In addition, 
pronounced intra-institutional differences are reported 
by the Duke (Durham) group when the median pO2 is 
considered (6 mmHg vs. 21 mmHg; Brizel et al. 1994, 
1996a,b). Factors that might be responsible for these 
differences have not yet been communicated. Hypoxia 
in STS is of prognostic significance in investigations in-
volving large numbers of patients (see Table 4.7). 

4.7.7  
Oxygenation Status of Brain Tumors

Studies performed so far on primary brain tumors con-
vincingly show the existence of areas of severe hypoxia 
in both high- and low-grade brain tumors (e.g., Beppu 
et al. 2002; Cruickshank et al. 1994; Kayama et al. 

Table 4.7. Pretherapeutic oxygenation status of soft tissue sarcomas and prognostic significance of tumor hypoxia (n = number 
of patients)

 
Center

 
n

Median 
po2 HF 2.5 HF 5 HF 10

Prognostic significance  
of tumor hypoxia

 
References

(mmHg)
[range]

(%) (%) (%) endpoint oxygenation parameter

Durham 45 10 DFS pO2 <10 mmHg Brizel (1999)

Durham 34 6 [0–68] DFS Median pO2 Brizel et al. (1996b)

Aarhus 31 19 [1–58] DFS, OS pO2 <19 mmHg Nordsmark et al. (2001)

Durham 30 10 DFS pO2 <10 mmHg Brizel et al. (1996a)

Durham 28 10 Dewhirst et al. (2005)

Aarhus 25 22 [1–58] 5 Nordsmark et al. (1997)

Aarhus 22 18 17 Nordsmark et al. (1996a)

Aarhus 18 23 10 Nordsmark et al. (1994) 

Durham 15 18 31 Brizel et al. (1995)

Durham   9 21 [2–38] 19 29 44 Brizel et al. (1994)

Munich/
Essen

  8 10 Füller et al. (1994)

Munich/
Essen

  7a 8 Molls et al. (1994)

Aarhus   6 10 [1–34] 18 Bentzen et al. (2003)

Philadelphia   5 4 45 57 74 Evans et al. (2001)

Overall 283 14 13 21 Vaupel et al. (2007)

a Recurrent soft tissue sarcomas. 

There may be some overlaps in patients reported from the same institution. Empty boxes indicate lack of suitable information.
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1991; Moringlane 1994; Vaupel 1994b, 2002; see 
Table 4.8).

As was also seen in the other tumor entities char-
acterized so far, pO2 values varied widely among pa-
tients (Knisely and Rockwell 2002) and were dis-
tinctly lower than in the normal brain tissue (see. Fig. 
4.10; Vaupel et al. 1998; Rampling et al. 1994; Vaupel 
1994b). Hypoxia was not an artifact of general anesthe-
sia (as it was also not in the before-mentioned tumor en-
tities), since comparable hypoxic areas were also found 
in patients undergoing craniotomy under local anes-
thetics. An association between oxygenation status and 
clinical tumor size has so far not been found. There is 
evidence that hypoxia might be grade-dependent (Col-
lingridge et al. 1999; Lally et al. 2004; Moringlane 
1994) with high-grade gliomas exhibiting poorer oxy-
genation status than low-grade tumors. 

Increasing hypoxia with increasing tumor aggres-
siveness and rapidity of growth was observed by Ram-
pling et al. (1994). In contrast, Evans et al. (2004b) 

failed to find correlations between oxygenation pa-
rameters (median pO2, HF 2.5, HF 5, and HF 10) and 
histopathological grade. In a mixed group of metastatic 
brain tumors, marked hypoxia was also a common find-
ing (Rampling et al. 1994). In five metastatic lesions 
within the brain (maximum tumor diameter: 38 mm), 
the median pO2 was 10 mmHg (range: 3–24 mmHg), 
the hypoxic fraction of pO2 values ≤2.5 mmHg being 
26% (range: 1.5–46.5%). From these data it may be 
concluded that metastatic lesions in the brain do not 
substantially deviate from primary tumors in terms of 
oxygenation status.

4.7.8  
Pretherapeutic Oxygenation 
Status of Miscellaneous Tumors

Quantitative data on the oxygenation status of several 
other tumor entities as assessed by pO2 histography—

Table 4.8. Pretherapeutic oxygenation status of primary brain tumors and prognostic significance of tumor hypoxia (n = num-
ber of patients)

Center n Median po2 HF 2.5 HF 5 HF 10 References

(mmHg)
[range]

(%) (%) (%)

Philadelphia 26 22 16 25 40 Evans et al. (2004b) 

New Haven 25
14b

11c

5e

3 [0–30]
15 [0–40]

Lally et al. (2004)

New Havena 23
13b

10c

11 [0–40]
6

17

40
48
31

Collingridge et al. (1999)

Glasgow 15
10d

9 [0–42]
7

42
38 45 59

Rampling et al. (1994)

Philadelphia 12d 22 6 16 37 Evans et al. (2004a)

Las Palmas 3b 13 28 49 Clavo et al. (2002)

Overall 104 13 26 Vaupel et al. (2007)

a Mean arterial O2 tension: 200 mmHg
b High grade gliomas
c  Low grade gliomas
d  Glioblastomas
e  No prognostic value of the median pO2

There may be some overlaps in patients reported from the same institution. Empty boxes indicate lack of suitable information.  
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and not yet mentioned in this article—are compiled in 
Table 4.9. Again, there is clear evidence that the oxy-
genation of these tumors is distinctly poorer than that 
of the respective normal tissues (see Fig. 4.10; Vaupel 
et al. 1998; see Table 4.10). For prostate cancers, there 
are again pronounced inter-institutional and intra-
institutional variations that cannot yet be explained. 
With the exception of prostate cancer, the number of 
patients is rather low so that further discussion of the 
data here is not appropriate at this time. Tumor oxy-
genation measurements in 28 tumors summarized by 
Aquino-Parsons et al. (1999) are not included here 
since 12 different histologies were listed, making a 
systematic evaluation impossible. The overall median 
pO2 value for all 28 tumors was 24 mmHg (range: 0–54 
mmHg). 

Considering all data of the oxygenation status of 
solid tumors, it can be concluded that all types of solid 
tumors contain tissue areas that are severely hypoxic 

with great inter- and intra-institutional variations. Tu-
mor hypoxia mainly results from inadequate perfusion 
and diffusion within tumors and from a reduced O2 
transport capacity in anemic patients. Hypoxic areas 
are heterogeneously distributed within the tumors. The 
development, existence, and extent of hypoxia are usu-
ally independent of a series of patient and tumor char-
acteristics. Tumor oxygenation is—as a rule—poorer 
than that of the respective normal tissue. The oxygen-
ation status of cancers of the cervix and of the head and 
neck as well as oxygenation parameters of soft tissue 
sarcomas may be independent adverse prognostic fac-
tors and may help to select patients for individual and/
or intensified treatment schedules. The significance of 
tumor oxygenation as an adverse prognostic factor is 
most probably based on acquired treatment resistance 
and on hypoxia-induced malignant progression (see 
Sects. 4.8 and 4.9).

Table 4.9. Pretherapeutic oxygenation status of miscellaneous human tumors (n = number of patients)  

Center n Median po2 HF 2.5 HF 5 HF 10 References

(mmHg)
[range]

(%) (%) (%)

Prostate cancer

Philadelphia  57
 55

2 [0–68]
10

Movsas et al. (2002) 
Movsas et al. (2000) 

Toronto  55 5 [0–57]  60 Parker et al. (2004) 

Philadelphia  13 
 10

21 [0–45]
11 [2–38]  45  49

Cvetkovic et al. (2001)
Movsas et al. (1999) 

Vulvar cancer

Mainz/Leipzig  29
 15a

 19b

11
13
11

 25
 25
 25

 40
 37
 45

Vaupel et al. (2002b) 
Vaupel et al. (2006b) 

Vancouver  20 10  29 Stone et al. (2005)

a Primaries
b Recurrencies

There may be some overlaps in patients reported from the same institution. Empty boxes indicate lack of suitable information. For 
a review see Vaupel et al. (2007) 
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Table 4.9. (continued) Pretherapeutic oxygenation status of miscellaneous human tumors (n = number of patients)  

Center n Median po2 HF 2.5 HF 5 HF 10 References

(mmHg) [range] (%) (%) (%)

non Hodgkin’s lymphoma

London  8 18  36  43 Powell et al. (1999) 

Malignant melanoma (metastatic)  

Paris  18 12 5  17  40 Lartigau et al. (1997)

Lung cancer

Cambridge 6 14  13  24  36 Falk et al. (1992)

Stanford  20 17 Le et al. (2006)

Pancreatic adenocarcinoma 

Stanford  7c 2  59 Koong et al. (2000)

Lund  1 2 Graffman et al. (2001)

Renal cell carcinoma

Heidelberg 
(Australia)

3 10 Lawrentschuk et al. (2005)

Rectal carcinomas

Heidelberg
(Germany)

 14

 15

32

19

 10 Kallinowski and Buhr (1995a,b) 
Mattern et al. (1996)

Liver tumors (metastatic) 

Heidelberg 
(Germany)

4 6  75 Kallinowski and Buhr (1995a,b)

c All patients were anemic

There may be some overlaps in patients reported from the same institution. Empty boxes indicate lack of suitable information. For 
a review see Vaupel et al. (2007)
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4.8  
Hypoxia and Aggressive Tumor Phenotype

4.8.1  
The Janus Face of Tumor Hypoxia

Cells exposed to hypoxia respond by reducing their 
overall protein synthesis, which in turn leads to re-
strained proliferation and subsequent cell death (see 
Fig. 4.12). Chronically hypoxic cells usually have a life-
time within the range of 1 to 10 days (Durand and 
Sham 1998; Ljungkvist et al. 2005). Hypoxia can hin-
der or even completely inhibit tumor cell proliferation 
in vitro. Sustained hypoxia can also change the cell cycle 
distribution and the relative number of quiescent cells 
leading to alterations in the response to radiation and 
many drugs. The degree of inhibition depends on the 
severity and duration of hypoxia. Under anoxia, most 
cells undergo immediate arrest in whichever cell cycle 
phase they are presently in. Additionally, hypoxia can 
induce programmed cell death (apoptosis) both in nor-
mal and in neoplastic cells. p53 accumulates under hyp-
oxic conditions through a HIF-1α-dependent mecha-

nism and induces apoptosis. However, hypoxia also 
initiates p53-independent apoptosis pathways includ-
ing those involving genes of the BCL-2 family. Below a 
critical energy state, hypoxia may result in necrotic cell 
death. Hypoxia-induced proteome changes leading to 
cell cycle arrest, differentiation, apoptosis, and necrosis 
may explain delayed recurrences, dormant microme-
tastases, and growth retardation, which can occur in 
large tumors. In contrast, hypoxia has been recognized 
as an important driving force in malignant progression 
(Höckel and Vaupel 2001a; see Fig. 4.12).

Experimental findings have revealed that hypoxia—
as an inherent consequence of unregulated growth—
promotes local invasion, intravasation of cancer cells, 
and finally metastatic spread to distant sites and that 
this occurs in a cooperative manner:
a) On the proteome/metabolome level through adap-

tive gene expression, posttranscriptio nal and post-
translational modifications,   

b) on the genome/epigenome level by increasing ge-
nomic and epigenomic instability, and

c) on the level of cell populations by clonal selection 
and clonal expansion according to phenotype fit-
ness (Harris 2002).

Table 4.10. Oxygenation status of normal tissues

tissue Median po2 HF 2.5 HF 5 HF 10 References

(mmHg) (%) (%) (%)

Pancreas 57 2 Koong et al. (2000)

Breast 52 0 0 0 Vaupel et al. (2003a)

Rectal mucosa 52 Kallinowski and Buhr (1995a)

Subcutis 51 0 0 4 Vaupel et al. (2003a)

Cervix 42 8 13 20 Höckel et al. (1991)

Kidney 31 3 8 Lawrentschuk et al. (2005)

Skeletal muscle 30
25 4 12

Movsas et al. (2002)
Vaupel et al. (2003b)

Liver 30 5 13 Kallinowski and Buhr (1995b)

Brain 24
27

3
8

13
13

Vaupel (2002)
Clavo et al. (2002)

Empty boxes indicate lack of suitable information. For a review see Vaupel et al. (2007)   
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4.8.2  
Hypoxia-Induced Changes in Gene Expression

4.8.2.1  
The HIF System

Hypoxia-induced changes in gene expression at tumor 
O2 concentrations <1% (pO2 <7 mmHg) are coordinated 
mainly by the hypoxia-inducible factor-1 (HIF-1) and 
HIF-2 (Giaccia 1996; Semenza 2000, 2002a,b, 2003; 
Leo et al. 2004; Chan and Giaccia 2007; Brahimi-
Horn and Pouyssegur 2006; Vaupel 2004a; Vaupel 

and Harrison 2004; Vaupel et al. 2004). Downstream 
effects of HIF activation, which contribute to increased 
malignancy, include modulation of glucose metabolism 
through increased cellular glucose uptake via glucose 
transporter-1 (GLUT-1) and enhanced glycolysis by 
up-regulation of key glycolytic enzymes, increased pro-
ton-extrusion capacity by overexpression of carbonic 
anhydrase IX (CA IX), increased angiogenesis by up-
regulation of vascular endothelial growth factor, and 
the activation of the c-MET/HGF system characterized 
by cell proliferation, cell-cell dissociation, migration, 
and apoptosis protection (see Fig. 4.13a).

Fig. 4.12. The Janus face of tumor hypoxia. 
Tumor cells exposed to O2 depletion can either 
respond with restrained proliferation and cell 
death (left) or with changes in the proteome and/
or genome (right), favoring tumor progression and 
acquired treatment resistance, both of which result 
in poor clinical outcome and prognosis

Fig. 4.13a,b. (Simplified) schematic representation of the 
pivotal role of hypoxia in malignant progression of solid tu-
mors through HIF-1α-dependent (a) and HIF-1α-independent 

(b) alterations in gene expression with subsequent changes of 
the proteome, indicating redundancy in biological mechanisms 
in malignant tumors

a b
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A role of HIF-1α, GLUT-1, or CA IX as endogenous 
markers of tumor hypoxia is currently not supported 
by the available experimental data (Vordermark and 
Brown 2003; Mayer et al. 2006). The same is true for a 
variety of other endogenous markers (e.g., VEGF).

4.8.2.2  
HIF-Independent Hypoxia-Induced Proteins 

Many other proteins have been implicated in the ge-
netic response to hypoxia, among them nuclear factor 
κB (NF-κB), activator protein-1 (AP-1; see Fig. 4.13b), 
and members of the unfolded protein response (e.g., 
GRP78). Their exact role in hypoxia-induced tumor 
progression is less clear. For example, “hypoxic” induc-
tion of NF-κB is likely to be the consequence of reoxy-
genation-induced reactive oxygen species. Overexpres-
sion of osteopontin (OPN) has been demonstrated to be 
involved in metastasis formation. OPN is overexpressed 
during hypoxia, and the transcriptional control seems 
to be independent of HIF-1α.

4.9  
Hypoxia-Induced Changes in the Genome 
and Clonal Selection

Tumor cell survival and proliferation or, alternatively, 
growth impairment, stasis, and cell death are not solely 
dependent on proteomic changes. Mutations in on-
cogenes and/or tumor suppressor genes are generally 
thought to be of crucial importance for the development 

of tumor aggressiveness. Hypoxia at O2 concentrations 
≤0.1% (pO2 ≤0.7 mmHg) promotes genomic instability, 
thereby increasing the number of mutations (genetic 
variants). Hypoxia concomitantly exerts a strong selec-
tion pressure (Reynolds et al. 1996; Yuan et al. 2000; 
Graeber et al. 1996; Kim et al. 1997; Kondo et al. 
2001; Vaupel 2004a; Vaupel et al. 2004; Bristow and 
Hill 2008). Tumor cell variants with adaptations favor-
able to survival under hypoxic conditions (e.g., lower 
capacity for cell-cycle arrest or apoptosis, greater angio-
genic potential) may have growth advantages over non-
adapted cells in the hypoxic microenvironment and 
expand through clonal selection (see Fig. 4.14). The ex-
pansion of cell clones with favorable proteomic and ge-
nomic adaptive changes can, in turn, exacerbate tumor 
hyp oxia, thereby establishing a vicious circle of increas-
ing hypoxia and subsequent malignant progression. At 
the clinical level, the consequences of this vicious circle 
are translated into more local recurrences, locoregional 
spread, distant tumor metastases, and greater resistance 
to radiation therapy and certain forms of chemotherapy 
(see Fig. 4.15). 

In this context, it has to be mentioned that cycles 
of hypoxia and reoxygenation have been shown to be 
of importance for tumor progression, i.e., cyclic (inter-
mittent, fluctuating, transient) hypoxia is the most pow-
erful factor promoting an aggressive tumor phenotype 
(Cairns et al. 2001; Cairns and Hill 2004; Weinmann 
et al. 2004; Magagnin et al. 2007; Rofstad et al. 2007; 
Toffoli and Michiels 2008). Flat spatio-temporal 
oxy gen gradients reflecting (although extreme) stable 
hypoxic microenvironments with low intra-tumoral 
variation may not be a prominent factor in terms of tu-
mor progression (Mayer et al. 2008). 

Fig. 4.14. (Simplified) schematic 
representation of the crucial role 
of hypoxia (± reoxygenation and/
or spatio-temporal O2 gradients) 
in malignant progression of solid 
tumors via changes in the genome 
and clonal selection
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4.10  
pH of Human Tumors

Warburg’s classic work in the 1920s showed that cancer 
cells intensively convert glucose to lactic acid even in 
the presence of oxygen. Because of this excessive lac-
tic acid production, it was assumed for many decades 
that tumors are acidic (Warburg 1925, 1930; Gullino 
et al. 1965; Thistlethwaite et al. 1985; van den Berg 
et al. 1982; Wike-Hooley et al. 1984; Vaupel et al. 
1989; Helmlinger et al. 1997; Vaupel and Jain 1991; 
Ashby 1966). However, the unfolding story of tumor 
pH and its consequences has become clearer over the 
last 2 decades due to techniques that are able to prefer-
entially measure intra- or extracellular pH in malignan-
cies. Under many conditions, it has now been confirmed 
that the intracellular pH in tumor cells is neutral to al-
kaline as long as tumors are not oxygen- and energy-
deprived (Vaupel et al. 1994a,b; Vaupel 1992). Tumor 
cells have efficient mechanisms for exporting protons 
into the extracellular space, which represents the acidic 
compartment in tumors (Stubbs et al. 2000; Tannock 
and Rotin 1989; Goode and Chadwick 2001; New-
ell and Tannock 1991). For this reason, a pH gradient 
exists across the cell membrane in tumors (pHi > pHe). 
Interestingly, this gradient is the reverse of normal tis-
sues where pHi is lower than pHe (Fig. 4.16) (for reviews 

see Vaupel et al. 1989; Vaupel 1992; Griffiths 1991; 
Gerweck 1998; Song et al. 1993, 1999).

As already mentioned, cancer cells intensively split 
glucose to lactic acid (besides glucose oxidation). How-
ever, there are no longer any reasons to ascribe the 
aerobic glycolysis found as being specific to malignant 
growth, although the increased capacity for glycolysis 
still remains a key feature of tumors. Other relevant 
pathogenetic mechanisms yielding an intensified tissue 
acidosis are based on substantial ATP hydrolysis, glu-
taminolysis, ketogenesis, and CO2/carbonic acid pro-
duction (see Fig. 4.17).

Fig. 4.15. Schematic representation of 
major pathogenetic factors causing tumor 
hypoxia and of the pivotal role of hypoxia 
in the development of therapeutic resis-
tance via direct and indirect mechanisms

Fig. 4.16. Schematic representation of pH gradients between 
the intracellular space (ICS) and the extracellular space (ECS) 
of normal breast tissue and in breast cancer. pHi = intracellular 
pH, pHe = extracellular pH
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Lactic acid production alone cannot explain the aci-
dosis observed in the extracellular compartments. The 
other mechanisms may also play a relevant role. This is 
supported by experimental data of Newell et al. (1993) 
who suggested that production of lactic acid is not the 
only cause of tumor acidity. These results are based on 
experiments with glycolysis-deficient cells. 

4.10.1  
Tumor pH Values Measured with Electrodes

pH values measured with invasive electrodes (poten-
tiometric pH measurements) preferentially reflect the 
acid-base status of the extracellular space (pHe), which 
occupies ca. 45% of the total tissue volume in malig-
nant tumors (see Sect. 4.5). This is in strong contrast 
to normal tissues where, on average, the extracellular 
compartment encompasses only approximately 16%. 
The pHe values measured in malignancies are shifted to 
more acidic values with respect to normal tissues (0.2–
0.5 units; Fig. 4.18). In some tumors, the pHe may be as 
low as 5.6. A remarkable variability in measured values 
exists between tumors, which exceeds the heterogeneity 
observed within tumors. This intratumor heterogeneity, 
however, has not been studied in human tumors using 
pH electrodes in as much detail as it has been in animal 
tumors (for reviews see van den Berg 1991; Vaupel 
et al. 1989; Wike-Hooley et al. 1985). Since the lactic 
acid distribution on a microscale is rather heteroge-
neous in tumors (Fig. 4.19), distinct heterogeneities in 
the pH distribution within different microareas should 
occur. Intratumor pH heterogeneities are especially evi-

dent in partially necrotic tumors where tissue pH values 
even higher than the arterial blood pH can be observed 
in areas of longstanding necrosis. This latter pH shift is 
mostly due to proton-binding during protein denatur-
ation, to accumulation of ammonia, which is generated 
through the catabolism of peptides and proteins, and to 
cessation of proton production from energy metabo-
lism (Kallinowski and Vaupel 1988).

Fig. 4.17. Mechanisms contributing to the development of 
(extracellular) acidosis in solid tumors. pHi = intracellular pH, 
pHe = extracellular pH

Fig. 4.18. Intracellular (pHi measured with 31P-NMR) and ex-
tracellular pH (pHe assessed by pH sensitive electrodes) values 
in resting skeletal muscle (open circles) and in soft tissue sarco-
mas of patients (filled circles). Values shown are means (x) and 
the range of pH data measured 

Fig. 4.19. Histogram of measured lactate concentrations in a 
cancer of the uterine cervix 
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4.10.2  
Intracellular pH in Tumors

Tumors were thought for many years to have a more 
acidic intracellular pH (pHi) than most normal tis-
sues. However, the results of pH measurements using 
31P-nuclear magnetic resonance spectroscopy (31P-NMR 
or 31P-MRS) yielded quite a different picture. pH values 
derived from MRS (pHnMR) appear to be very similar to 
those in normal tissues (Fig. 4.20). These values mainly 

reflect intracellular pH (Stubbs et al. 1992) and suggest 
that the cell may keep its internal (cytosolic) pH at a 
relatively constant level, or at least above the extracel-
lular level, over a considerable range of extracellular 
pH values, a feature already known from animal tumor 
studies. pH is neutral or slightly alkaline. This is most 
probably due to the fact that tumor cells—besides hav-
ing intracellular buffer systems—also possess efficient 
mechanisms for exporting protons into the extracellular 
space (these include a rapid export of anionic lactate–, 
which is accompanied by a movement of H+) and for 
importing proton acceptors (e.g., HCO3

–) into the cyto-
solic compartment. The subsequent inadequate removal 
of protons from the extracellular space in low-flow ar-
eas may result in an extracellular acidosis as often dem-
onstrated by electrode measurements in many solid 
tumors. Acidic pHi values were found only in bulky, 
poorly oxygenated, energy- and nutrient-deprived 
tumors (e.g., in FsaII mouse tumors when tumor vol-
umes exceeded 1.5% of the body weight). Another tech-
nique predominantly measuring pHi in solid tumors is 
positron emission tomography (PET) using 11C-DMO 
(Arnold et al. 1985).

4.10.3  
Extracellular-Intracellular pH Gradients 
in Tumors and in normal Tissues

pHi in tumors and in normal tissues is relatively invari-
able ranging from 7.0 to 7.3, indicating that the pHi of 
human tumors and normal tissues is well-regulated. Ex-
tracellular pH values are on average 0.3–0.4 pH-units 

Fig. 4.20. Correlation between pH values assessed by 31P-
NMR spectroscopy (pHnMR) and pH data obtained from micro-
electrode measurements (pHelectrode) in C3H mouse mammary 
tumors of identical volumes (broken line: line of identity)

Fig. 4.21. Schematic repre-
sentation of pH-profiles in the 
interstitial space of normal breast 
tissue (upper panel) and in breast 
cancer (lower panel). pHi, intracel-
lular pH measured with 31P-NMR 
spectroscopy; pHe, extracellular 
pH assessed by pH-sensitive 
microelectrodes; pHb, blood 
pH (adapted from Vaupel and 
Höckel 2000)
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lower. In soft tissue sarcomas, pHe is roughly 0.45 pH-
units lower than in the respective normal tissue. In breast 
cancer this difference is approximately 0.35 pH-units 
(see Fig. 4.21) and in primary brain tumors (glioblasto-
mas) about 0.2 pH-units below normal brain tissue. As 
a rule, in solid human tumors pHi values are on average 
0.4 pH-units higher than pHe, which is similar to differ-
ences obtained in experimental tumors (∆pH = 0.2–0.6 
pH-units). As already mentioned, the pH gradient is the 
reverse of normal tissues, where pHi is somewhat lower 
than pHe. This difference may provide an exploitable av-
enue for cancer treatment because weakly acidic drugs 
(e.g., 5-FU, melphalan, mitomycin C) may substantially 
accumulate within the tumor cells (Stubbs et al. 2000; 
Goode and Chadwick 2001; Gerweck 1998).

4.10.4  
Bicarbonate Depletion in the Extracellular 
Compartment of Tumors

Exported H+-ions from the intracellular space to the in-
terstitial compartment promote extracellular acidifica-
tion. The latter, together with a HIF-1α-induced upreg-
ulation of the membrane-bound ectoenzyme carbonic 
anhydrase (CA IX), finally leads to buffering of the 
exported protons by extracellular bicarbonate causing 
a bicarbonate depletion and an intensified CO2 release, 
both characteric features of the tumor pathophysiome 
(Fig. 4.22) (Gullino et al. 1965; Gullino 1970, 1975; 
Vaupel 2008).

4.10.5  
Tumor Respiratory Quotients

Lactic acid production and metabolic acidosis not only 
lead to substantial proton accumulation, but also to el-
evated respiratory quotients (respiratory quotient RQ 
= CO2 output/O2 uptake) >1.3 in tumors caused by an 
intensified CO2 release according to the equation: 

H+ + HCO−
CA�� HO + CO (Eq. 4.1)

Hypoxia-induced upregulation of the enzyme carbonic 
anhydrase (CA) is thus a meaningful physiological ad-
aptation (Vaupel et al. 2001). Carbonic anhydrase is a 
membrane-bound ectoenzyme that is activated at low 
pH (Vaupel 2008). Experimental evidence for the oc-
currence of this reaction is provided by the very high 
CO2 partial pressures (79 mmHg) and low bicarbon-
ate concentrations (19 mmol/l) found in the interstitial 
fluid of solid tumors (Gullino 1970, 1975). Because 
the total CO2 output is greater than the metabolic for-
mation of CO2 (from substrate oxidation), the respira-
tory quotient can range from 1.29 to 1.95.

Strikingly high RQ values may thus be a further 
characteristic of the tumor pathophysiome (Vaupel 
2008) that quantitatively describes the pathophysiologic 
features of tumors. Finally, it has to be mentioned that 
“titration” of extracellular bicarbonate to CO2 and H2O 
is not the only cause of extremely high RQs, but also 
this condition may be caused by channeling of glyco-
lytic end-products into lipogenesis (Vaupel 2008).

Fig. 4.22. Hypoxia-mediated metabolic 
adaptation for energy preservation. Acti-
vation of genes for glucose transporter-1 
(GLUT-1 = 1) and glycolytic enzymes 
yields an increased glycolytic rate. H+-ions 
produced are preferentially exported via 
a Na+/H+-antiporter (NHE-1 = 3) and a 
lactate¯/H+-symporter (monocarboxylate 
transporter MCT-1 = 2) leading to a drop 
in extracellular pH (pHe). Low extracel-
lular pH activates the membrane-bound 
ectoenzyme carbonic anhydrase IX (CA 
IX = 4). Key mechanism regulating intra-
ce ll ular pH in tumor cells when protons 
are produced is also shown (Na+-depen-
dent HCO3¯ /Cl¯ -exchanger = 5). HIF-1α 
= hypoxia-inducible factor 1α, PHDs 
= prolyl hydroxylases, FIH = asparagyl 
hydroxylase, lac¯ = lactic acid
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4.11  
Bioenergetic Status of Tumors

4.11.1  
Human Tumor Bioenergetics Monitored 
by 31P-nuclear Magnetic Resonance 

31P-nuclear magnetic resonance (31P-NMR, 31P-MRS) is 
able to provide important biochemical information on 
living tissues. Since the MRS technique is noninvasive, 
nondestructive, and painless, it allows the patient to be 
repeatedly monitored throughout the course of tumor 
treatment (Negendank 1992; Vaupel 1994a; Stubbs 
1999; Stubbs and Griffiths 1999). 

In vivo 31P-NMR spectroscopy has been employed 
in monitoring the energy metabolism of human tumors 
since 1983 (Griffiths et al. 1983). From the studies 
available, information is provided that may be beneficial 
in the clinical treatment of cancer. Furthermore, there 
are indications that serial monitoring of tumor response 
can assist in optimizing the timing of treatments.

In Figs. 4.23 and 4.24, 31P-NMR spectra from nor-
mal tissues are compared with tumor spectra (spectra 
are redrawn from original recordings, Vaupel 1994a). 
According to these exemplary spectra, in many human 
malignancies, other than brain tumors, very often high 
concentrations of phosphomonoesters (PME), phos-
phodiesters (PDE) and inorganic phosphate (Pi), and 
low phosphocreatine (PCr) levels are characteristically 
found. In contrast, studies on human brain tumors often 
fail to show any significant differences in the spectra of 
malignancies vs. normal brain tissue (Vaupel 1994a). 

The PME signal primarily includes phosphocholine 
and phosphoethanolamine, both of which are mem-
brane phospholipid precursors. In addition, phospho-
rylated sugars (glucose-6-phosphate, fructose-6-phos-
phate, and fructose-1,6-diphosphate) might be present 
and fall in the PME region. The PDE peak in murine 
tumors was identified to be largely glycerophosphocho-
line and glycerophosphoethanolamine, both membrane 
phospholipid decomposition products (Vaupel 1994a). 

In order to describe the bioenergetic status of nor-
mal tissues and malignancies, relevant metabolite ratios 

Fig. 4.23. Typical 31P-NMR spectra of resting skeletal muscle 
and a human sarcoma (spectra are redrawn from original re-
cordings from Vaupel 1994a) 

Fig. 4.24. Typical 31P-NMR spectra of parenchymal breast 
and a human breast cancer (spectra are redrawn from original 
recordings, from Vaupel 1994a)
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are compiled in Figs. 4.25 and 4.26. PCr/Pi ratios for 
various human malignancies and normal tissues are de-
picted in Fig. 4.25. The data show that PCr/Pi in normal 
brain and in brain tumors is similar, whereas this ra-
tio is significantly higher in skeletal muscle or myocar-
dium relative to sarcomas, and in parenchymal breast 
vs. breast cancer.

ß-NPT/Pi ratios for human tumors and normal 
tissues are presented in Fig. 4.26. Here again, no clear 

differences are seen between normal brain and brain 
tumors. The only significant differences evident were 
between sarcomas and skeletal muscle. From these data, 
the (cautious) conclusion can be drawn that, on average, 
the bioenergetic status may be similar in normal brain 
and brain tumors. The latter data confirm the results on 
ATP distribution obtained with quantitative biolumi-
nescence (Vaupel 1994a).

Fig. 4.25. Pooled PCr/Pi ratios calcu-
lated for human malignancies (black 
bars) and for normal tissues (white 
bars). SCC = squamous cell carcinomas 
(from Vaupel 1994a)

Fig. 4.26. Pooled ß-NTP/Pi ratios for hu-
man tumors (black bars) and for normal 
tissues (white bars). SCC = squamous cell 
carcinomas (from Vaupel 1994a)
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4.11.2  
Tumor Bioenergetics Assessed by High 
Performance Liquid Chromatography

Global ATP concentrations measured in experimen-
tal tumors with high performance (pressure) liquid 
chromatography (HPLC) are typically in the range of 
0.4–2.0 mM (Vaupel 1994a; Vaupel et al. 1994b). As 
long as tumor masses did not exceed 1% of the body 
weight (i.e., biologically relevant tumor sizes), global 
ATP concentrations and adenylate energy charge only 
changed marginally (Vaupel 1994a; Vaupel et al. 
1994a,b). This stable bioenergetic status coincides with 
a “physiological” tissue oxygenation (i.e., pO2 distribu-
tion comparable with that of normal organs; median 
pO2 ≥10 mmHg), mean tissue glucose concentrations of 
approximately 2 mM, and mean lactate levels ≤10 mM 
(Vaupel 1994a).

Increased ATP hydrolysis with enlarging tumor 
mass is a typical finding observed during tumor growth. 
As a result of an increased ATP degradation, an accu-
mulation of purine catabolites has to be expected to-
gether with a formation of protons and reactive oxygen 

species at several stages during degradation to the final 
product uric acid (Vaupel 1994a). The accumulation of 
the purine catabolites xanthine, hypoxanthine, and uric 
acid in experimental rat DS sarcomas is shown in Fig. 
4.27.

4.11.3  
Microregional ATP Distribution Assessed 
by Quantitative Bioluminescence

Owing to the heterogeneous microcirculation in tumors, 
the ATP concentration in vivo may be low in some dis-
tinct tumor regions containing viable cancer cells, and 
this has implications for metabolism, growth, and ther-
apeutic response of the respective malignant cells. On 
the other hand, tumors are often characterized by ne-
crotic areas where ATP is low due to its rapid hydrolysis 
upon cell death. Such regions will not contribute to the 
therapeutic behavior of tumors, e.g., to tumor regrowth 
after a certain treatment. Consequently, techniques are 
required that make it possible to image concentrations 
of metabolites, such as ATP, with a high spatial resolu-
tion in relation to the tissue architecture. 

An ex vivo technique for imaging metabolites in tis-
sues has been developed using quantitative biolumines-
cence, single photon imaging, and computerized image 
analysis. The method allows measurement of steady 
state concentrations of ATP, glucose, and lactate in ab-
solute terms with a spatial resolution near the cellular 
level (Mueller-Klieser and Walenta 1993; Muel-
ler-Klieser et al. 1988). 

The microregional distribution of ATP has been 
assessed in cryobiopsies of cervix tumors taken from 
patients immediately after pO2 measurements from 

Fig. 4.27. Concentrations of ATP, adenosine (ADO), uric acid 
(UA), xanthine (X), and hypoxanthine (HX) in experimental 
rat DS sarcomas as a function of tumor volume. Values are 
means ± SEM (from Vaupel 1994a)

Fig. 4.28. Histogram of measured ATP concentrations in a 
cancer of the uterine cervix (from Vaupel 1994a)
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sites adjacent to an O2 electrode track (Fig. 4.28). Simi-
lar to the glucose (Fig. 4.29) and lactate distributions 
(Fig. 4.19), microregional concentrations of ATP were 
heterogeneous and comparable to findings in high-
flow experimental tumors, and there was no clear-cut 
correlation between tumor oxygenation and regional 
ATP levels in the patient tumors investigated so far. 
Pronounced heterogeneity in ATP levels occurred, al-
though extended necrosis was not visible in histological 
sections. 

Distribution patterns of ATP, glucose, and lactate 
and the corresponding histological structure in a cer-
vix cancer of a patient have been evaluated (Vaupel 
1994a, 2006). In some cervix tumors investigated, there 
was an obvious relationship between the distribution 
of metabolites and the histological architecture of the 
tissue. This is particularly evident in malignancies with 
circumscribed areas of densely packed, viable cancer 
cells surrounded by necrosis and stromal tissue with 
low packing density. A comparison of ATP and lactate 
distribution with the histological structure suggests that 
concentrations of these metabolites are relatively high 
in the viable tumor areas and lower in the vicinity of 
necrotic regions. As a consequence, one would expect 
that there is a positive correlation between both me-
tabolites for each equivalent location within the tumor. 
Although such a correlation is not that obvious for the 
glucose distribution, one may suspect that this substrate 
is negatively correlated with the other two metabolites 
measured.

Quantitative pixel-to-pixel correlations for the dif-
ferent metabolites of interest have been performed. 
Data obtained show a positive linear correlation be-
tween ATP and lactate levels, and a negative linear cor-
relation between ATP and glucose concentrations. Glu-

cose and lactate levels thus are negatively correlated in 
cancers of the uterine cervix (Vaupel 1994a; Walenta 
and Mueller-Klieser 2004). It is interesting to note 
that in cervix cancers measured mean glucose con-
centrations were never below 1 µmol/g (= 18 mg/dl), a 
level that has also been predicted for breast cancers (see 
Fig. 4.7).

Measurements of the regional ATP distribution with 
quantitative bioluminescence in experimental brain tu-
mors have shown that ATP levels were similar to nor-
mal brain (2.6 vs. 2.5 µmol/g) with slightly lower glu-
cose (2.4 vs. 2.8 µmol/g) and substantially higher lactate 
concentrations (6.4 vs. 1.2 µmol/g) in vital tumor tissue 
(Vaupel 1994a; Hossmann et al. 1982, 1986; Paschen 
1985; Paschen et al. 1987). In tumors, marked hetero-
geneity of these metabolites was present (Hossmann 
et al. 1982). By applying quantitative imaging biolumi-
nescence, Walenta et al. (1997, 2000, 2003; Walenta 
and Mueller-Klieser 2004) have provided clinical 
evidence that lactate accumulation mirrors malignant 
potential in squamous cell carcinomas of the uterine 
cervix and of the head and neck, and in colorectal ad-
enocarcinomas. 
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K E Y  P O I n T S

 A precise and concerted interplay between  •
both the cellular components, i.e., the cells and 
their mutations, and the acellular components, 
i.e., the tumor microenvironment, drives tu-
mor growth and spread beyond physiological 
boundaries as well as promotes cellular resis-
tance to conventional radiotherapy and che-
motherapy.

 One of the prominent microenvironmental  •
modulators of the sensitivity of tumor tissue 
and tumor-associated normal tissue to therapy 
is the interaction of cells with the extracellular 
matrix. Besides serving as structural support 
for the cells in a tissue, the extracellular matrix 
participates in the regulation of essential cell 
functions such as survival, proliferation, differ-
entiation, adhesion, and migration.

 Adhesion and invasion are controlled by inte- •
grin receptors and are frequently dysregulated 
in cancer, with disastrous consequences such 
as local destruction of normal tissue, metasta-
ses, and ineffective local tumor control by anti-
cancer therapeutics. Particularly compromised 
local tumor control evolves from the combina-
tion of genetic alterations and changes in the 
tumor microenvironment.

 Integrins and their associated signaling mol- •
ecules are attractive target molecules to be 
inhibited by pharmacological small molecules 
aiming at optimization of conventional radio- 
and chemotherapy.

 Unraveling the intra- and extracellular net- •
works a tumor cell exploits for its growth and 
spreading capability in more depth may foster 
the diagnosis of early-stage cancer, the develop-
ment of novel drugs, and eventually improved 
patient survival.
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Abstract

The importance of the tumor microenvironment for 
tumor development and progression becomes increas-
ingly evident. A precise and concerted interplay be-
tween both the cellular components, i.e., the cells and 
their mutations, and the acellular components, i.e., the 
tumor microenvironment, drives tumor growth and 
spread beyond physiological boundaries as well as pro-
motes cellular resistance to conventional radiotherapy 
and chemotherapy. One of the prominent microenvi-
ronmental modulators of the sensitivity of tumor tissue 
and tumor-associated normal tissue to therapy is the in-
teraction of cells with the extracellular matrix. Besides 
serving as structural support for the cells in a tissue, the 
extracellular matrix participates in the regulation of es-
sential cell functions such as survival, proliferation, dif-
ferentiation, adhesion, and migration. In this chapter, 
the overarching function of the tumor-related extracel-
lular matrix is depicted and summarized with regard to 
the molecular, pathophysiological, and radiobiological 
aspects associated with tumor biology, radiation, and 
chemoresistance in the context of cell adhesion mol-
ecule families, their interactions with other types of cell 
surface receptors, and the downstream network of sig-
nal transducers.

5.1  
Introduction

A large body of evidence illustrates the complexity of 
tumor biology on both a cellular and an acellular level. 
Examples for cellular factors are the variety of genetic 
gain-of-function or loss-of-function mutations in key 
molecules involved in proliferation, multidrug resis-
tance, and apoptosis, which are concertedly responsible 
for the commonly recognized “hallmarks of cancer” 
(Croce 2008; Halazonetis et al. 2008; Varmus et al. 
2005).

Beyond these cellular factors, the acellular elements 
complementing the tumor as complex, autonomous 
tissues are increasingly identified as critical and potent 
carcinogenic promoters and modulators of tumor cell 
sensitivity to conventional radiation and chemothera-
pies. The panel of acellular elements comprises, among 
others, soluble growth factors, oxygen, metabolites, 
and the proteins of the extracellular matrix (ECM) 
(Cordes and Park 2007; Durand 1994; Kim et al. 
2006; Petersen et al. 2003; Tannock 1996; Vaupel 
and Mayer 2005; Wedgwood and Younes 2006). 

The distinguishable parameter between a normal cell 
and a malignant cell is the acquisition of an autono-
mous positive feedback loop from those extracellular 
signals by the malignant cell. Most importantly, this 
process must not necessarily be associated with inde-
pendence from extracellular signals as misleadingly re-
ported. Uncoordinated reactions and the intracellular 
channeling and execution of these signals into action 
on extracellular growth signals integrate into perpetual 
mitosis of both the tumor cells themselves and of the 
normal cell types, which are overflowed with tumor 
cell-derived soluble growth factors. Similar to growth 
factors, tumor cells synthesize and secret proteins of 
the extracellular matrix and tissue-remodeling matrix-
metalloproteinases to construct their own unique and 
progrowth microenvironment (Chang and Werb 
2001; Chung et al. 1992; Lopez-Otin and Matri-
sian 2007; Lynch and Matrisian 2002). Within this 
environment, specific niches provide a microenviron-
ment that confers resistance to therapy with ionizing 
radiation and/or chemotherapeutics (Dalton 2003; 
Diaz-Montero and McIntyre 2003; Hehlgans 
et al. 2007b; Hodkinsons et al. 2007; Li and Dalton 
2006; Paszek and Weaver 2004; Weaver et al. 2002; 
Zahir and Weaver 2004). Moreover, remodeling of 
the extracellular matrix generates migratory avenues 
for local tumor cell invasion and metastasis. Particu-
larly the latter as limiting factor for patient’s survival 
challenges systemic anticancer strategies and fosters 
the development of more targeted approaches against 
the primary tumor (Board and Valle 2007; Co-
chran et al. 2008; Ljungberg 2007; Morabito et al. 
2007).

In addition to the intrinsic insensitivity of the ma-
jority of tumor cells to antigrowth signals, it can be 
hypothesized that some tumor cells grow in the before 
mentioned microenvironmental insensitivity-confer-
ring niche or represent one of the tumor-initiating cells 
characterized by a great self-renewal potency and a slow 
doubling time.

Owing to an overarching function of the microen-
vironmental component called the extracellular matrix, 
this chapter depicts and summarizes the molecular, 
pathophysiological, and radiobiological aspects asso-
ciated with tumor biology, radiation, and chemoresis-
tance in the context of the cell adhesion molecule fami-
lies, their interactions with other types of cell surface 
receptors and the downstream network of signal trans-
ducers.
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5.2  
Extracellular Matrix, Cell–Matrix Interactions, 
and Cell–Cell Interactions

The extracellular matrix represents the structural sup-
port for the cells in a tissue and further serves in regu-
lating essential cell functions via cell surface receptors 
and as depot for growth factors. In connective tissues, 
the extracellular matrix either is between cells as in-
terstitial matrix or organized as basement membrane 
providing anchorage for epithelial or endothelial cells 
(Alberts et al. 2002; Lodish et al. 2004). Either type of 
cell-matrix interaction can be found in all tissues and is 
mediated by different cell adhesion molecules (CAMs) 
mostly as transmembrane proteins (Hynes 2004). In 
general, the features mechanical stability and integrity 
of signal transduction in a tissue are also conducted by 
interactions between neighboring cells. These kinds of 
interactions are similarly accomplished by transmem-
brane proteins. Some of them are CAMs; others form, 
for example, intercellular tubes called gap junctions, 
which allow cell–cell communication via passage of 
molecules with a molecular weight below 1,000 kDa 
(Rousset 1996). To date, it is clear that all of these pro-
cesses contribute to the proper regulation of normal tis-
sue function and homeostasis as well as of malignant 
tissue in a differential and complex manner determined 
by the cumulated diversity of cellular alterations during 
the development of an individual tumor.

5.2.1  
Extracellular Matrix

The presence of the extracellular matrix is essential for 
a large number of processes such as survival, prolifera-
tion, differentiation, adhesion, migration, and tissue 
integrity (Alavi and Stupack 2007; Blaschke et al. 
1994; LaBarge et al. 2007; Petersen et al. 1998). The 
composition of the ECM based on the distribution of 
different molecules, as detailed below, depends on the 
tissue with its unique functions and its role in separat-
ing one tissue/organ from another.

An aspect of utmost importance is the direct impact 
of the ECM on the cell’s dynamic in terms of cell shape, 
tissue tension, and motility resulting from membrane-
spanning outside-in and inside-out signal transduction 
(Giancotti and Ruoslahti 1999; Hynes 2002). Sig-
nals are transduced by both CAMs and growth factor 
receptors, and their intracellularly converging cascades. 
Regarding growth factors, the ECM sequesters a wide 

range of cellular growth factors (Vlodavsky et al. 1990, 
1991). On changes of the microenvironmental condi-
tions, a set of proteases is able to release these deposited 
molecules to expeditiously act locally via their cognate 
transmembrane growth factor receptors. In this case, no 
de novo synthesis is required.

The molecular components assembling the ECM are 
produced and secreted by resident cells like fibroblasts 
(Hay 1989; Sugrue and Hay 1981). Subsequent to se-
cretion, these components aggregate with the existent 
network of hydrophilic glycosaminoglycans and fibril-
lar and elastic proteins.

5.2.1.1  
Proteoglycan Components

Glycosaminoglycans (GAGs) are carbohydrate poly-
mers, which are usually attached to ECM proteins to 
form proteoglycans (Alberts et al. 2002; Bolender 
et al. 1981). Being molecules with a net negative charge, 
proteoglycans are hydrophilic, thus, attracting water 
molecules. This hydration characterizes the gel-like 
consistency of the ECM essential for the hydration of 
cells and as basis for the fibrillar and elastic proteins. 
Proteoglycans found in the ECM are outlined in the fol-
lowing:

Keratan sulfate proteoglycans1. . Keratan sulfate has 
variable sulfate content but does not contain uronic 
acid. Present in, e.g., cartilage, bone.
Heparan sulfate proteoglycans2. . Heparan sulfate, as 
linear polysaccharide, is ubiquitously expressed in 
human tissues. Its proteoglycanic form binds to var-
ious protein ligands/receptors to participate in the 
regulation of biological functions like embryonic 
development and metastasis.
Chondroitin sulfate proteoglycans3. . Chondroitin sul-
fate contributes to the elastic capacity and strength 
of tendons, ligaments, and cartilage.

5.2.1.2  
Hyaluronic Acid

Hyaluronic acid is a polysaccharide consisting of alter-
native residues of d-glucuronic acid and N-acetylglu-
cosamine. Hyaluronic acid, as major compound of the 
ECM and thus of the hydrophilic gel, realizes a high de-
gree of absorbability to protect specific tissues against 
compression. Furthermore, hyaluronic acid contrib-
utes to the regulation of embryonic development, heal-
ing processes, inflammation, and tumor development 
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(Adamia et al. 2005; Nagano and Saya 2004). Its spe-
cific cognate transmembrane receptor is CD44.

5.2.1.3  
Fibronectin

Fibronectin, a high-molecular-weight glycoprotein, 
contains ~5% carbohydrate that facilitates adhesion to 
the CAM family of integrins as well as other ECM pro-
teins such as collagen and heparan sulfate (Czirok et al. 
2006; Gospodarowicz et al. 1979; Ruoslahti 1999). 
On binding of fibronectin, the cellular cytoskeleton is 
reorganized allowing, e.g., cell movement along ECM 
structures. This process is particularly important for 
wound healing and blood clotting. In cancer, fibronec-
tin has been suggested to support tumor development 
and to mediate resistance to chemo- and radiotherapy 
as a consequence of an increased expression (Cordes 
and Park 2007; Damiano 1999, 2002; Hehlgans et al. 
2007b).

5.2.1.4  
Collagen

The most abundant matrix proteins in the ECM are 
collagens (Alberts et al. 2002; Ramachandran and 
Kartha 1954). These fibrillar proteins are mainly re-
sponsible for the structural support essential for many 
cell functions of the resident cells. Upon synthesis of 
procollagen, packaging of procollagen in the Golgi 
apparatus, and exocytosis, procollagen is cleaved at 
specific peptide sites by procollagen peptidases. The 
evolved tropocollagen units are organized into fibrils, 
which subsequently assembled in collagen fibers. The 
fibers then attach to cell membranes through diverse 
types of proteins such as fibronectin and integrins. To 
date, 28 types of collagens have been reported. The 
majority—over 90%—are the collagens I, II, III, and 
IV. Subgroups of collagens are fibrillar (types I, II, III, 
V, XI), fibril-associated collagens with interrupted tri-
ple helices (FACITs) (types IX, XII, XIV), short chains 
(type VIII, X), basement membrane (type IV), and oth-
ers (type VI, VII, XIII). Several diseases have been as-
cribed to genetic defects in collagen-encoding genes. A 
few examples are osteogenesis imperfecta (collagen I) 
and scurvy, which results from defective collagen due 
to the lack of Vitamin C. In this case, Vitamin C is an 
essential enzyme for a posttranslational modification 
process of the collagen molecule.

5.2.1.5  
Laminin

Laminins represent the major noncollagenous scaf-
folding molecules particularly of basal laminae (John-
son 1980). The members of this glycoprotein family 
are secreted and then integrated into existent ECM. In 
contrast to the collagenic fiber formation, laminins are 
organized as web-like networks, which effectively main-
tain a great capacity of tension force. Each laminin mol-
ecule is a heterotrimer assembled from alpha, beta, and 
gamma chains. Identified are the following chains: alpha 
chains (LAMA1, LAMA2, LAMA3, LAMA4, LAMA5), 
beta chains (LAMB1, LAMB2, LAMB3, LAMB4), and 
gamma chains (LAMC1, LAMC2, LAMC3). In sum-
mary, 15 different laminin heterotrimers are known. 
Laminins bind, for example, collagens and entactins.

5.2.1.6  
Elastin

Elastin is synthesized by fibroblasts and smooth muscle 
cells. Elasticity in the tissue is given by elastin (Ardelt 
1964). Tissues dependent on a great degree of elasticity 
are, e.g., blood vessels, lung, elastic ligaments, bladder, 
and skin.

The understanding of ECM structure, composition, 
and function is critical in comprehending the altered 
responsiveness of cancer cells upon irradiation and 
chemotherapy as well as the complex dynamics of local 
tumor cell invasion and distant metastasis. In the fol-
lowing, the variety of molecules involved in cell–matrix 
interactions and cell–cell contact are described in a 
more thorough manner.

5.2.2  
Cell–Matrix Interactions

Interactions between cells and the ECM are facilitated 
through specifically organized areas of the cell mem-
brane. Two well-known types of these interactions are 
the focal adhesions and the hemidesmosomes (Fig. 5.1; 
Table 5.1) (Broussard et al. 2008; Burridge et al. 
1990; Martin et al. 2002).

The common feature of these adhesion-mediating 
sites is the presence of transmembrane integrin recep-
tors forming an ECM-cytoskeleton nexus (see Sect. 
5.3.1). In addition, many adapter proteins and signal-
ing molecules congregate to build up a multiprotein 
complex at the cytoplasmic face of the cell membrane, 
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termed a focal adhesion (Lo and Chen 1994). Courses 
of assembling and disassembling take place in remod-
eling tissues, during cell migration and self-renewal 
in turnover tissues. More stable focal adhesions are 
formed, e.g., in muscle cells anchored to their tendons. 
Hemidesmosomes, molecularly organized similarly 
to focal adhesions, play an important role in epithelial 
tissue mediating anchorage of epithelial cells to the 
basement membrane. The terminus hemidesmosome 
evolved from the terminus desmosome (i.e., macula 
adherents [Latin for “adhering spot”]; see Sect. 5.2.3), 
which represents a spot-like cell structure specialized 
for cell–cell contact on the lateral side of an epithelial 
cell. As hemidesmosomes are also integrin dependent, 
the α6β4 integrin, as common example, facilitates a cy-
toplasmic connection between the anchor protein plec-
tin to keratin intermediate filaments. This composition 
helps to compensate tensile or shearing forces and con-
tributes therefore to tissue integrity.

Concerning focal adhesions in epithelial cells, these 
sites of adhesion connect the ECM to actin filaments via 
transmembrane integrin receptors (Hynes 2002).

To note, intermediate filaments are cytoskeletal 
structures that are formed by different members of a 
family of related, highly conserved proteins (Godsel 
et al. 2008). Most types of intermediate filaments are 
located in the cytoplasm. The nuclearly localized inter-
mediate filaments are called lamins. Categorization of 
intermediate filaments into six groups has been done 
on the basis of similarities in amino acid sequence and 
protein structure. Types I and II intermediate filaments 
are acidic and basic keratins, namely epithelial kera-
tins and trichocytic keratins (e.g., in hair and horns). 
Type III intermediate filaments are, e.g., vimentin 
(widely expressed in fibroblasts), Type IV intermediate 
filaments are, e.g., neurofilaments, type V intermediate 
filaments are nuclear lamins, type VI intermediate fila-
ments are nestin. A well-known disease resulting from 

Table 5.1. Different types of cell–ECM interactions

Function CAM occurrence

Focal adhesions Anchorage Integrins E.g., cell migration, muscle–tendon connection

Hemidesmosomes Anchorage α6β4 integrin E.g., epithelium

Fig. 5.1. Schematic delinea-
tion of cell–ECM and cell–cell 
interactions
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gene mutations in keratin 5 or keratin 14 intermediate 
filament genes is, e.g., epidermolysis bullosa simplex 
(Fine and Griffith 1985; Ishida-Yamamoto et al. 
1991).

Actin is one of the most highly conserved proteins 
and the monomeric subunit of microfilaments (Al-
berts et al. 2002; Perry and Cotterill 1965). Micro-
filaments belong to one of the three major components 
of the cytoskeleton. Actin is also a component of thin 
filaments managing contractility in muscle cells. Over-
all, actin serves in a variety of critical cellular mecha-
nisms such as cell division, motility and shape, vesicle 
movement, signal transduction, and assembly and 
maintenance of cell junctions.

5.2.3  
Cell–Cell Interactions

Desmosomes (macula adherents) are the subcellular 
correlates clenching neighboring cells together in sim-
ple/monolayer and stratified/multilayer epithelia and 
in muscle cells (Fig. 5.1; Table 5.2) (Green et al. 2007). 
These button-like attachment sites are located at the 
lateral side of a cell and contain transmembrane adhe-
sion molecules of the cadherin family as well as differ-
ent anchor proteins linking to the intracellular keratin 
cytoskeletal filaments. The extracellular portion of a 
cadherin, including five domains with calcium-binding 
motifs, binds to an identical cadherin on an adjacent 
cell for mediating cell–cell contact (Pettitt 2005). Ac-
cording to their structural composition, desmosomes 
fulfill different functions.

Tight junctions (zonula occludens), as second 
type of cell–cell contacts, serve as diffusion barrier to 
prevent the leakage of molecules and fluids through the 

intercellular space (Fig. 5.1, Table 5.2) (Niessen 2007; 
Niessen and Gottardi 2008). The barrier function 
is conferred by a branching network of independently 
sealing strands to result in a linkage of the cytoskeletons 
of neighboring cells. Multiple proteins, claudins and oc-
cludins representing the majority of components, cross-
link the opposing cell membrane strands. Hence, the 
efficacy of tight junctions in preventing diffusion expo-
nentially increases with the number of strands. In gen-
eral, tight junctions achieve (1) attachment of cell to ad-
jacent cells, (2) blocking of molecule diffusion between 
cells, and (3) preserving cellular polarity by preventing 
the motion of integral membrane proteins between the 
apical and basolateral surfaces of the cell. This includes 
the preservation and control of effective active trans-
cellular transport or passive diffusion through the cell. 
They prevent the passage of molecules and ions through 
the space between cells. Tissues critically dependent 
on proper tight junction function are the epithelial tis-
sue of the intestine, the epithelial tissue of the urinary 
tract and the endothelium of the brain, i.e., blood–brain 
barrier.

As third type of cell–cell contacts, gap junctions are 
composed of connexin monomers (Fig. 5.1; Table 5.2) 
(Mese et al. 2007; Wang and Mehta 1995). Six mono-
mers form a connexon hexamer, which serves as a he-
michannel. When two hemichannels of adjacent cells 
associate, they establish a gap junction. This intercel-
lular communication tunnel allows different molecules 
and ions, mostly small intracellular signaling molecules 
(intracellular mediators), with a molecular weight be-
low 1,000 kDa to pass freely between cells (Rousset 
1996). This type of cell–cell interaction is localized, for 
example, in the heart muscle, where it enables coordi-
nated contraction.

Table 5.2. Different types of cell–cell interactions

Function CAM occurrence

Desmosomes Anchorage Cadherins E.g., epithelium, heart muscle

Tight junctions Occlusion Claudins, occludins E.g., intestine, urinary tract

Gap junctions Communication Connexin E.g., heart, nervous system, bones

N. Cordes, S. Hehlgans, and I. Eke98



5.3  
Cell Adhesion Molecules

5.3.1  
Integrins

As outlined under Sect. 5.2.2, the CAMs of the integ-
rin family present the main cell surface receptors for 
binding of cells to ECM proteins like fibronectin, col-
lagen, or laminin (Table 5.3) (Hynes 2002; Martin 
et al. 2002; Schmidt et al. 1993; Schwartz 2001). 
Moreover, integrins also serve as adhesion molecules 
for cell–cell interactions, especially on blood cells. In-
tegrins are composed of two different transmembrane 
glycoproteins, known as α and β subunits, which bind 
noncovalently to form an αβ heterodimer (Fig. 5.2). To 
date, 24 different integrin receptors have been identified 
(Hynes 2002). The ligand binding specificity of the het-
erodimers is influenced by the subunit combination and 
by cell-type specific factors. The binding of integrins to 
ECM proteins is accomplished by short amino acid se-
quences located at the large extracellular domain. Motifs 
for such integrin-binding sequences are RGD (argin-
ine–glycine–aspartate), found in fibronectin or laminin 
or DGEA (aspartate–glycine–glutamic acid–alanine), 

and GFOGER (glycine–phenylalanine–glycine–glu-
tamic acid–arginine) found in collagen (Calderwood 
et al. 1995, 1997; Evans and Calderwood 2007; Liu 
et al. 2000; Ruoslahti 2003). Inside the cells, adapter 
proteins like talin, α-actinin, and vinculin bridge the 
gap between the cytoplasmic integrin domain and the 
cytoskeleton. This multiprotein complex forms the 
structural basis for an association with a large set of sig-
nal transduction molecules like focal adhesion kinase 
(FAK) and the Rous sarcoma oncogene (Src), eventu-
ally assembling a focal adhesion (Brakebusch and 
Fassler 2003). The signaling works in opposite direc-
tions. While ligand binding to the integrin extracellular 
domain leads to activation of numerous intracellular 
signaling pathways (outside-in signaling), certain intra-
cellular processes stimulated by, e.g., docking of growth 
factors to their cognate transmembrane receptor alter 
the binding affinity and avidity of integrins (inside-out 
signaling) (Hynes 2002). These mechanisms are poorly 
understood, but may be due to conformational changes 
of the receptor. Because integrin function is indepen-
dent from de novo synthesis and/or degradation, the 
integrin-related adhesion response in both directions 
can proceed within seconds. For example, this allows 
platelets to circulate unimpeded in the blood until dam-
age of the vascular wall activates the integrins in the 

Table 5.3. Families of cell adhesion molecules assigned to morphological, functional, and molecular characteristics

Characteristics Integrins Cadherins Ig CAMs selectins

Ligands ECM proteins, Ig CAMs Cadherins Ig CAMs, integrins, 
ECM proteins

Carbohydrates

Binding Heterophilic Homophilic Homophilic, 
heterophilic

Heterophilic

Adhesion sites Focal adhesions, 
hemidesmosomes, 
nonjunctional adhesion

Desmosomes,
adherens junctions

Nonjunctional 
adhesion

Nonjunctional adhesion

Main function Cell–matrix interactions Cell–cell 
interactions

Cell–cell  
interactions

Cell–cell interactions

Tumor overexpression E.g., HNSCC, breast cancer E.g., neuroblastomas, 
SCLC

Tumor downregulation E.g., breast cancer, 
gastric cancer

E.g., gastrointestinal 
tumors

HNSCC head and neck small cell cancer, SCLC small cell lung cancer
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platelet membrane enhancing the affinity for fibrinogen 
(Moroi and Jung 1998). The fibrinogen connects the 
platelets to a clot and prevents bleeding. This switch 
in binding activity is also important for lymphogenic 
or hematogenic metastasis of cancer cells when enter-
ing and leaving the vessel. Regarding integrin function, 
interactions between these CAM and transmembrane 
growth factor receptors build the basis for optimized 
and most efficient intracellular signaling and regulation 
of all types of cellular mechanisms (Porter and Hogg 
1998). Whether this mutual and cooperative interrela-
tion is caused by transactivation mediated by a panel of 
membrane-associated cytoplasmic signaling molecules 
or through direct interactions remains to be solved.

In cancer, integrins fulfill the same functions as they 
do in normal tissue (Chung et al. 2008; Danen 2005; 
Mochizuki and Okada 2007; Ramsay et al. 2007). Al-
though widely examined, the most common feature in 
various human tumor entities including breast cancer 
or squamous cell carcinomas is an abnormal integrin 
expression relative to the corresponding normal tissue. 
However, the expression can differ within one single tu-
mor and between tumors of the same entity.

Despite this diversity and unclear pathophysiologi-
cal consequences of an altered integrin expression, 
recent findings suggest an association of β1 integrin 
expression and overall survival of patients with invasive-
ductal breast carcinomas (Yao et al. 2007). Accordingly, 
in vitro experiments showed a reversion of the trans-
formed phenotype to a morphological and functional 
normal phenotype in breast cancer cells concomitant to 
a reduced tumor formation capability in vivo upon β1 
integrin inhibition (Park et al. 2006). These observa-
tions indicate a strong contribution of integrins to on-
cogenic transformation.

Besides the expression of integrins, malignant cells 
acquire the ability to grow anchorage independent as a 

result of gain-of-function mutations in oncogenes lo-
calized within integrin-associated signaling pathways. 
In contrast, normal cells usually undergoing apoptosis 
upon detachment from ECM, a mechanism called anoi-
kis. In vitro studies have shown that αvβ6 but not αvβ5 
expression leads to reduced anoikis in squamous cell 
carcinoma cells (Janes and Watt 2004). This could be 
an explanation, why upregulation of αvβ6 seems to be a 
prognostic factor in human squamous cell carcinomas.

Another impact of integrins in cancer comes from 
gene mutation analyses. The poorly differentiated cell 
line SCC4, which originates from a human carcinoma 
of the tongue, is heterozygous for the point mutation 
T188I (T, threonine; I, isoleucine) in the β1 integrin 
subunit (Evans et al. 2004). This modification leads to 
constitutively active ligand binding independent from 
the type of associated β subunit. After transfection 
with wild-type β1 integrin, the SCC4 cells begin to dif-
ferentiate, indicating that this mutation may contrib-
ute to the neoplastic phenotype. Although these find-
ings are remarkable because they show that alterations 
of integrin activation can influence the malignancy of 
cancer cells without changing the level of integrin ex-
pression, mutations in the β1 integrin gene are rare. 
Screening of 124 human oral squamous cell carcinomas 
revealed six nucleotide changes, all of which could be 
also found in normal tissue of the patients (Evans et al. 
2004). Only one mutation resulted in an altered amino 
acid sequence of β1 integrin. Analysis of the predicted 
structure suggests that this sequence variation does not 
interfere with the function of the heterodimeric recep-
tor. Whether mutations of β1 integrin or other integrin 
subunits play a general role in tumor development with 
respect to other cancer entities remains to be examined 
in further studies.

There are many ways how integrins can modulate the 
malignant characteristics of tumors including a modu-

Fig. 5.2. The four families of cell 
adhesion molecules. Depiction 
of their heterodimeric, homodi-
meric or single chain structure, 
important functional domains, 
and Ca2+-dependent sites in each 
one of the receptor types
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lation of the behavior of the primary tumor in terms of 
invasion as well as a modulation of the tumor’s meta-
static abilities. In addition to cadherins (see Sect. 5.3.2), 
the invasiveness of tumors depends on integrins (Hood 
and Cheresh 2002; Ramsay et al. 2007). Cell migra-
tion representing one part of the complex process of cell 
invasion is a highly dynamic sequence of focal adhesion 
assembly and focal adhesion disassembly. Starting with 
smaller focal adhesions at the leading edge of a migrat-
ing cell, called focal complexes, the assembly of a focal 
complex into a larger, stable focal adhesion progresses 
through the recruitment of additional proteins (Small 
and Resch 2005). These stable focal adhesions remain 
stationary, providing the cells an anchor from which to 
move in any direction. During the course of migration, 
the focal adhesions move from the front to the rear of 
the cells in a caterpillar, traction-like manner. Focal 
adhesions reaching the rear edge are disassembled. Re-
ferring to the frequent increased migratory potential of 
tumor cells, upregulation, e.g., of the basement mem-
brane integrin receptor α6β4 correlates with poor prog-
nosis in a variety of different cancers not only due to 
promoted tumor progression, but also particularly due 
to enhanced invasiveness (Lipscomb and Mercurio 
2005). In glioblastoma cell lines, for example, inhibition 
of either β1 integrin or β3 integrin with specific inhibi-
tory monoclonal antibodies strongly impairs cell inva-
sion into basement membrane (Cordes et al. 2003). 
This effect yielded from an integrin-dependent altera-
tion of the proteolytic activity of matrix metalloprotei-
nases (MMPs), which represent key enzymes to degrade 
the ECM and enable cells to invade. Correspondingly, 
it has been shown that αvβ3 integrin modulates MMP 
activity directly in endothelium and melanoma cells in 
vivo (Brooks et al. 1996).

5.3.2  
Cadherins

Cadherins are the main receptors for calcium-depen-
dent cell–cell adhesion in most solid tissues (Alberts 
et al. 2002). Besides being responsible for the mechani-
cal stability, they coordinate the integration of cells in 
functional structures like the epithelium and control 
cell movement in tissue development and organization, 
especially during embryogenesis (Table 5.3). Classi-
cal cadherins are transmembrane glycoproteins, which 
bind almost exclusively to the same type of receptor 
expressed on the other cell in a homophilic manner 
(Fig. 5.2). The intracellular domain is connected to the 
cytoskeleton via a group of anchor proteins known as 
catenins (Pettitt 2005; Reynolds 2007). This link-

age is essential for strong adhesive activity. Disassembly 
of this functional complex and therefore disruption of 
cell–cell contact can be caused by tyrosine phosphory-
lation of either cadherin or catenin by a variety of re-
ceptor tyrosine kinases (RTK) like epidermal growth 
factor receptor (EGFR) or insulin-like growth factor-1 
receptor (IGF-1R). Contrariwise, cadherins are able to 
modulate RTK signaling, consequently interfering with 
many critical cellular processes (Pettitt 2005). Epi-
thelial cadherin (E-cadherin)-mediated adhesion, for 
example, has been reported to reduce ligand-dependent 
EGFR activation, which results in decreased DNA syn-
thesis and inhibition of cell growth (Qian et al. 2004).

Considering these effects, it is not astonishing that 
cadherins are discussed to play a major role in tumori-
genesis. E-cadherin especially is deemed a tumor sup-
pressor (Cowin et al. 2005; Reynolds 2007). Many 
types of epithelial cancers show an inverse correlation of 
E-cadherin expression and patient outcome. According 
to the results of several studies, it has been postulated 
that the downregulation of E-cadherin is necessary for 
tumor cell invasion and formation of distant metasta-
sis, and that reconstitution of the functional cadherin/
catenin complex might lead to reduced malignancy 
(Reynolds 2007). The loss of cadherin-mediated cell–
cell adhesion in cancer cells can be due to transcrip-
tional mechanisms or increased proteolytic degradation 
by matrix metalloproteinases. For example, overex-
pression of dysadherin, a cancer-associated membrane 
protein, inactivates E-cadherin in a posttranscriptional 
manner, which induces experimental metastasis (Ino 
et al. 2002). Mutations of the E-cadherin gene result-
ing in expression of a nonfunctional receptor have been 
found in lobular breast cancers, diffuse gastric cancers, 
and gynecological cancers (Chan 2006; Cowin et al. 
2005). Such mutations arise either de novo or can be 
inherited, which is the case with patients suffering from 
familiar diffuse gastric cancer.

5.3.3  
Immunoglobulin Superfamily

The immunoglobulin-like (Ig-like) CAMs are widely 
expressed in different cell types including neurons, 
leukocytes, endothelial, and epithelial cells (Table 5.3) 
(Alberts et al. 2002). Although mediating mainly cell–
cell adhesion, Ig-like CAMs are also capable of binding 
to ECM proteins (Acheson et al. 1991). In contrast to 
integrins or cadherins, their binding affinity is much 
weaker and not dependent on the presence of diva-
lent cations like Ca2+ or Mg2+. Therefore, Ig-like CAMs 
are regarded to be responsible for the fine-adjustment 

Adhesion, Invasion, Integrins, and Beyond 101



mechanisms of adhesive processes and tissue organiza-
tion. All members of this family have in common that 
the extracellular part contains one or more Ig-like do-
mains, which are typical for antibodies (Fig. 5.2). Either 
the receptor can be tied to the membrane by a glyco-
sylphosphatidylinositol anchor, or it can interact with 
intracellular signaling molecules via a transmembrane/
cytoplasmic tail (Hemperly et al. 1990; Pollerberg 
et al. 1987).

The neural CAM (NCAM) is among the best-studied 
members of this group critical for brain development 
and memory formation (Mileusnic et al. 1999). It is 
expressed not only in neural cells, but also in a variety of 
other tissues like epithelium, colon, and pancreas. Inter-
estingly, in numerous tumors, an altered NCAM expres-
sion pattern correlates with poor prognosis. Studies with 
transgenic mice have shown that loss of NCAM function 
increases lymphatic metastasis of pancreatic cancer by 
induction of vascular endothelial growth factor (VEGF) 
and tumor lymphangiogenesis (Crnic et al. 2004). Ac-
cordingly, downregulation of NCAM was found to be 
associated with enhanced malignancy and reduced sur-
vival of patients with colorectal, gastric, or pancreatic 
carcinomas (Fogar et al. 1997; Roesler et al. 1997; 
Tascilar et al. 2007). But there exist also contrary ob-
servations. NCAM overexpression in neuroblastomas 
and small cell lung cancer, for example, correlates with 
advanced stage and fatal course of disease and is used as 
prognostic marker (Gluer et al. 1998; Miyahara et al. 
2001). Overall, the biological significance of NCAM for 
tumor development and progression is unclear to date 
and depends strongly on the tumor entity.

5.3.4  
Selectins

Selectins are cell–cell adhesion molecules, which play a 
critical role in leukocyte diapedesis through the vascu-
lar wall due to inflammation or tissue injury (Table 5.3) 
(Alberts et al. 2002). The three closely related family 
members mainly expressed by leukocytes (L-selectin), 
platelets (P-selectin), and endothelial cells (E- and P-
selectin) contain a characteristic extracellular lectin-
domain that binds to carbohydrate ligands (Fig. 5.2). 
In contrast to other CAMs like cadherins or integrins, 
selectin function is confined to the vascular system.

Several studies have indicated that selectins also rec-
ognize cancer cells and therefore facilitate hematogenic 
metastasis. Overexpression of E-selectin in the liver of 
transgenic mice leads to redirection of melanoma cells in 
this organ (Biancone et al. 1996). Specific targeting E-
selectin with antibodies has been shown to significantly 

decrease the number of experimental metastasis in vivo 
(Brodt et al. 1997). Not only E-selectin, but also other 
members of the selectin family are suggested to promote 
metastasis. P-selectin-deficient as well as L-selectin-
deficient mice show a reduction of tumor metastasis in 
different mouse models. Another therapeutic approach 
uses the anticoagulant heparin for potentially blocking 
selectin-mediated adhesion of tumor cells to endothe-
lium (Borsig et al. 2002). Taking into account the 
prominent impact of normal cells on tumor progression 
and tumor microenvironment, L-selectins on leukocytes 
have been hypothesized to contribute to cancer develop-
ment and progression (Coussens and Werb 2002).

5.4  
Integrin Signaling Molecules

Integrins, together with a range of structural molecules 
and signaling molecules, provide a connection between 
the outside and the inside of the cell (Brakebusch and 
Fassler 2003; Chung and Kim 2008; Hehlgans et al. 
2007b; Hynes 2002; Schwartz 2001). This specific cell 
membrane area is called focal adhesion. It is character-
ized by specific types of macromolecular protein assem-
blies transmitting mechanical force and regulatory sig-
nals over the cell membrane. Effective regulation of an 
adequate cell behavior results from the interactions of 
cells with their surrounding ECM. Furthermore, integ-
rin- and receptor tyrosine kinase-mediated signaling are 
connected to control the cellular fate, e.g., survival, cell 
cycle progression, proliferation, adhesion, migration, 
differentiation, and apoptosis (Fig. 5.3) (Schwartz 
2001; Watt 2002).

One of the molecules, which plays a major role in 
the above-mentioned processes and also holds a cen-
tral position in the growth factor receptor-integrin net-
work, is the putative serine–threonine kinase integrin-
linked kinase (ILK). ILK is bound to the cytoplasmic 
tail of β-integrin subunits through its C-terminal ki-
nase domain (Figs. 5.3, 5.4a) (Hannigan et al. 1996). 
Downstream, ILK has been reported to phosphorylate 
the prosurvival protein kinase Akt on serine 473 and 
glycogen synthase kinase-3β (GSK3β) on serine 9 in a 
phosphatidylinositol-3 kinase (PI3K)-dependent man-
ner (Delcommenne et al. 1998; Lynch et al. 1999). 
More recent findings suggest ILK to be a pseudokinase 
(Boudeau et al. 2006) and the RICTOR-mammalian 
target of rapamycin (mTOR) complex to be responsible 
for phosphorylation of Akt on serine 473 (Sarbassov 
et al. 2005). Pseudokinases are proteins that lack at least 
one of the highly conserved catalytic residues/motifs 
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in the kinase-like domain. This event suggests these 
proteins to be inactive in terms of regular protein ki-
nases. Phosphatidylinositol 3,4,5-triphosphate (PIP3) 
being a phospholipid component in the cytosolic side 
of cell membranes, seems to activate ILK through inter-
action with the central pleckstrin homology ([PH] PH 
domains facilitate protein recruitment to membranes, 
cellular compartments or enable protein-protein inter-
actions) domain of ILK (Delcommenne et al. 1998). 
The N-terminal ankyrin repeat domain contains four 
ankyrin (ANK) repeats and is responsible for binding to 
the particularly interesting new cysteine-histidine-rich 
protein 1 (Pinch1). Ankyrins are important for attach-
ment processes between integral membrane proteins 
and the cytoskeleton.

Pinch1 and its homologue Pinch2 are so-called 
LIM-only proteins, each consisting of five LIM domains 
(Braun et al. 2003; Dougherty et al. 2005; Stanchi 

et al. 2005). The name LIM derives from the initials of 
the three first described proteins containing LIM do-
mains: LIN-11, ISL1, and MEC-3. LIM domains mediate 
protein–protein interactions and are composed of two 
cysteine-rich zinc finger structures. The first N-termi-
nal LIM domain 1 of Pinch1 is essential for binding to 
the N-terminal ankyrin repeat domain of ILK (Figs. 5.3, 
5.4b) (Tu et al. 1999; Velyvis et al. 2001). Moreover, 
Pinch1 serves as an important structural component 
in the RTK-integrin connective network by forming a 
ternary complex with ILK and Nck2, a Src homology 
(SH)2/SH3 adaptor protein (Tu et al. 1998; Vaynberg 
et al. 2005). Responsible for this interaction is the fourth 
LIM domain of Pinch1 and the third SH3 domain of 
Nck2. Nck2 itself binds to growth factor receptors like 
epidermal growth factor receptor or platelet-derived 
growth factor receptor β (PDGFRβ) with its C-terminal 
SH2 domain (Fig. 5.3, 5.4c) (Tu et al. 1998).

Fig. 5.3. Scheme of transmembrane integrins and selected integrin signaling mediators. 
Cooperative and mutual signal transduction between integrins and receptor tyrosine ki-
nases optimally control critical cell functions like survival, proliferation, and apoptosis. Akt 
v-akt murine thymoma viral oncogene homolog 1, ECM extracellular matrix, FAK focal 
adhesion kinase, GSK3β glycogen synthase kinase-3β, ILK integrin-linked kinase, Nck non-
catalytic (region of) tyrosine kinase adaptor protein, Cas (p130Cas), Crk-associated sub-
strate, Pinch1 particularly interesting new cysteine-histidine rich protein, PI3K phosphati-
dylinositol-3-kinase, RTK receptor tyrosine kinase, MEK mitogen-activated protein kinase 
kinase, MAPK mitogen-activated protein kinase, PIP3 phosphatidylinositol (3,4,5)-triphos-
phate, Src Rous sarcoma oncogene
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A second important mediator of integrin signals is 
the 125-kDa protein focal adhesion kinase (Fig. 5.3) 
(Parsons 2003; Tachibana et al. 1995). FAK is a 
nonreceptor tyrosine kinase, which transmits signals 
from both integrins and RTKs to regulate cell shape, 
growth, survival, motility, adhesion, and migration. 
FAK activation, for example by adhesion, leads to au-
tophosphorylation on tyrosine 397, which is then fol-
lowed by recruitment of a signaling complex consist-
ing of phosphorylated p130 Crk-associated substrate 
(p130Cas) on tyrosine 410, Src and phosphorylated 
paxillin on tyrosine 31 and 118 (Fig. 5.4d) (Calalb 
et al. 1995; Mitra et al. 2005; Parsons 2003). Once 
phosphorylated, FAK signals to mitogen-activated pro-
tein kinase (MAPK) and calpain-2 or recruits c-Jun N-
terminal kinase (JNK) to focal adhesion sites to influ-
ence cell proliferation, migration, and apoptosis. FAK 
consists of 1,053 amino acids and contains an amino 
terminal region, which displays sequence homology to 
band 4.1 and ezrin/radixin/moesin (ERM) membrane-
cytoskeletal linker proteins (Figs. 5.3, 5.4d) (Girault 
et al. 1999). This approximately 300–amino acid region, 
called FERM, is found in a number of membrane-tar-
geted proteins (Chishti et al. 1998). FERM domains 
mediate interactions with cytoplasmic regions of trans-
membrane receptors and with phosphoinositides to 
efficiently localize FERM domain-containing proteins 
to membranes (Barret et al. 2000; Bompard et al. 
2003; Hirao et al. 1996). The central FAK kinase do-
main spans approximately amino acids 415 to 618 and 
contains tyrosine 576/577 phosphorylation sites within 

the activation loop of FAK (Nowakowski et al. 2002). 
Within the linker region between the FERM and ki-
nase segment lies the tyrosine 397 phosphorylation 
site, which is not strictly an autophosphorylation site 
but is also activated by Src SH2 binding (Mitra et al. 
2005; Siesser and Hanks 2006). This phosphorylation 
further stimulates FAK activity through phosphoryla-
tion of other phosphorylation sites, including tyrosine 
576/577 residues (Caron-Lormier and Berry 2005). 
A second element in this linker region is the Src SH3-
binding motif (Ceccarelli et al. 2006). The C-terminal 
focal adhesion targeting (FAT) domain is responsible 
for binding to paxillin and talin, an integrin-associated 
protein, and for localization of the protein to focal ad-
hesions (Hayashi et al. 2002; Schlaepfer et al. 2004).

Another protein that has been lately discovered 
to be associated with integrin signaling is the integral 
membrane protein Caveolin-1 (Fig. 5.3, 5.4e). Caveolin 
proteins are major components of caveolae, invagina-
tions of the cell membrane, which participate in impor-
tant physiological functions of the cell including endo-
cytosis, membrane trafficking, lipid homeostasis, and a 
number of signaling events (Anderson 1998; Field-
ing and Fielding 2003; Salanueva et al. 2007). So far, 
three Caveolin proteins, named Caveolin-1, -2, and -3, 
have been described. Caveolin-1 and -2 are mostly co-
expressed with high expression levels in differentiated 
cells like endothelial, epithelial and smooth muscle cells, 
fibroblasts, adipocytes, and pneumocytes. Caveolin-2 is 
primarily expressed in muscle tissue-types (Song et al. 
1996; Tang et al. 1996). All Caveolin isoforms contain a 

Fig. 5.4a–e. Essential transduc-
ers and modulators of integrin 
signals. Important functional do-
mains and phosphorylation sites
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central transmembrane domain and cytosolic carboxy- 
and amino-terminal domains. The C-terminal mem-
brane attachment domain contains three palmitoyla-
tion sites for anchoring of the protein to the membrane. 
The N-terminal membrane-proximal oligomerization 
domain mediates also interaction with other proteins 
for regulation of their activity (Couet et al. 1997; Li 
et al. 1996). Pathophysiological functions have been 
described for Caveolin-1, which is also involved in tu-
morigenesis, tumor suppression, differentiation, and 
oncogenic transformation (Carver and Schnitzer 
2003; Galbiati et al. 1998; Williams and Lisanti 
2005). Tyrosine 14–phosphorylated Caveolin-1 seems 
to accumulate at focal adhesion sites where it triggers 
extracellular signals (Lee et al. 2000; Mettouchi et al. 
2001). Direct inhibition of Src and EGFR as well as di-
rect activation of the insulin receptor by Caveolin-1 
has been reported (Okamoto et al. 1998; Yamamoto 
et al. 1998). Caveolin-1 also interacts with β1 integrins 
and promotes Fyn-dependent Shc phosphorylation and 
MAPK activation (Wary et al. 1998; Wei et al. 1999).

5.5  
Matrix Metalloproteinases

Matrix metalloproteinases are required for degradation 
of the extracellular matrix and therefore have important 
functions in tissue remodeling (Alberts et al. 2002). 
Tissue remodeling takes place not only under several 
physiological conditions like embryogenesis, angiogen-
esis, and wound healing, but also during pathological 
processes, namely tumor invasion, metastasis, and ar-
thritis (Ra and Parks 2007).

On the cellular basis, MMPs are involved in all 
events requiring a change in ECM composition forming 
an optimized microenvironment for a cell to adhere, mi-
grate, proliferate, apoptose, or differentiate. To date, 28 
different MMPs have been identified, at first on the ba-

sis of genomic screening, from which 24 MMP proteins 
can be found tissue specifically in humans (Greenlee 
et al. 2007). In contrast to other endopeptidases, MMPs 
require a zinc ion as cofactor for their catalytic activity. 
They can be functionally classified in dependence on 
their substrate specificity in collagenases, gelatinases, 
stromelysins, and membrane-type MMPs (MT-MMPs) 
(Table 5.4).

Additionally, there are a number of MMPs, which 
do not fit exactly in this classification but are ordered 
with regard to structural similarities, evolutionary clas-
sification, or differential expression (Chang and Werb 
2001; Ra and Parks 2007).

For tight regulation of function, MMPs are initially 
synthesized as inactive zymogens (i.e., a proenzyme 
or an inactive enzyme precursor) (Chang and Werb 
2001). Responsible for this inactive state is a highly 
conserved prodomain consisting of the amino acids 
PRCGxPD (proline–arginine–cysteine–glycine–x–pro-
line–aspartate), which inhibits enzymatic function of 
the protein by covering the catalytic site through direct 
interaction of the cysteine residue with the zinc ion in 
the active site. This event prevents substrate binding 
and cleavage resulting in the active form of a MMP. As 
well known mediator of MMP cleavage, urokinase-type 
plasminogen activator (uPA) and tissue-type plasmino-
gen activator (tPA) have been assigned critical roles in 
cancer progression and metastasis development (Blasi 
and Carmeliet 2002; Kucharewicz et al. 2003; 
Sternlicht and Werb 2001). Other proteases involved 
in activation of MMPs are chymotrypsin, trypsin, and 
MMPs itself. Apart from the membrane bound MT-
MMPs, which contain a transmembrane domain and 
are intracellularly activated once inserted into the cell 
membrane, MMPs are secreted into the extracellular 
space as inactive proenzyme (Hernandez-Barrantes 
et al. 2002; Nagase 1997). The second conserved do-
main is the catalytic domain with the structural metal 
binding 106 to 119 residues. The zinc-binding active 
site within this domain consists of 52 to 58 amino ac-

Table 5.4. Types of ECM-degrading MMPs

Family MMP type substrate

Collagenase 1, 8, 13, 18 Triple-helical fibrillar collagens 

Gelatinase 2, 9 Type IV collagen and gelatin

Stromelysin 3, 10, 11 Variety of ECM proteins but not collagens

Membrane type 14, 15, 16, 17 Variety of ECM proteins
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ids. A conserved sequence HExxHxxGxxH (histidine–
glutamic acid–xx–histidine–xx–glycine–xx–histidine) 
forms the zinc-binding motif, and three histidine 
residues mediate direct interaction with the zinc ion 
(Massova et al. 1998). The catalytic domain is linked to 
the third conserved domain, represented by a C-termi-
nal hemopexin-like domain expressing a variable hinge 
region of up to 75 amino acids. The hemopexin domain 
seems to determine substrate specificity of the MMPs 
and serves as binding domain for tissue inhibitors of 
matrix metalloproteinases (TIMPs).

Beside the above-described intramolecular inhi-
bition of catalytic function, TIMPs provide another 
regulatory mechanism controlling proper MMP func-
tion (Gomez et al. 1997; Sternlicht and Werb 2001). 
Four members of this family are known, TIMP-1 to -4. 
These inhibitors are also expressed in a tissue-specific 
way. They either inactivate active MMPs or inhibit the 
activation process. Gelatinases such as the well known 
MMP-2 and MMP-9 possess an additional gelatin-
binding region within their catalytic domain before the 
zinc-binding motif. Membrane-type furin-activated 
MMPs contain a furin cleavage site within their prodo-
main and a C-terminal transmembrane domain.

In adults, the activity of MMPs is very low due to 
tight inhibitory regulation. This fragile balance is some-
how perturbed during invasive tumor progression due 
to mutations in encoding MMP genes as well as inhibi-
tion and reduced expression of TIMPs. Overall, MMPs 
pronouncedly contribute to local tumor cell invasion 
and metastasis (Guo and Giancotti 2004; Stern-
licht and Werb 2001).

In a variety of human cancers, the expression of dif-
ferent MMPs is elevated and responsible for metastatic 
events limiting the success of anticancer therapy (Erler 
et al. 2006; Jinga et al. 2006). In general, former and 
current efforts in targeting MMP expression and activ-
ity failed to show significant improvement or resulted in 
just slightly improved tumor control.

5.6  
Migration and Metastasis

Elucidating the process of metastasis in the context of 
this chapter in more detail, clarification about the dif-
ferent molecules and steps involved is necessary. The 
set of molecular actors expressed by both tumor cells 
and tumor-associated normal cells like endothelial cells 
and fibroblasts is large and their activity is likely to de-
pend in majority on paracrine effects. The complexity 

of events responsible for the intrinsic pressure driving 
tumor cell outgrowth and settling at distant organ sites 
is unclear to date. Likely, a mutual combination of au-
tonomous cellular factors such as constitutive activation 
of migration-related molecules and life-threatening 
microenvironmental changes in oxygen and metabolite 
levels triggers the tumor cells to search for better sur-
vival conditions.

For the execution of the metastatic circuit of ac-
tions, a tumor cell requires a range of prerequisites of 
which integrins, matrix metalloproteinases, and signal 
transduction are crucial (Friedl and Brocker 2000; 
Hood and Cheresh 2002; Munshi and Stack 2006). 
During the course of events, cells must detach from the 
ECM and neighboring cells, migrate while degrading 
the extracellular matrix, penetrate the basement mem-
brane, a thin ECM structure that segregates tissue com-
partments, invade the bloodstream, a process called in-
travasation, survive the shear stress in the vasculature, 
exit the bloodstream in the target organ (extravasation), 
attach, and proliferate in their new surrounding (Guo 
and Giancotti 2004; Hood and Cheresh 2002). 
These different processes depend on dysregulation of 
integrin and receptor tyrosine kinase signaling in meta-
static cells due to activating mutations in oncogenes and 
loss-of-function mutations in tumor suppressor genes 
(Bissell and Radisky 2001; Giancotti and Ruo-
slahti 1999; Hynes 2003). Additionally, upregulation 
of integrin expression in tumor cells has been shown 
to enhance migration, invasion, and tumor progres-
sion (Albelda et al. 1990; Guo and Giancotti 2004; 
Mercurio and Rabinovitz 2001; Plantefaber and 
Hynes 1989). For the transition from adenoma to inva-
sive carcinoma, cells undergo a process, which involves 
a modification of integrin-mediated cell–ECM interac-
tions (see Sect. 5.3.1) and E-cadherin-mediated cell–cell 
contacts (see Sect. 5.3.2).

Migration events, both in normal and malignant 
cells, are initiated by polarization of the cell, followed 
by actin polymerization at the leading edge of the cell 
and lamellipodium formation (Raucher and Sheetz 
2000). Integrins and integrin-associated proteins accu-
mulate at the leading edge of the cell to stimulate adhe-
sion processes and signaling in response to new contact 
sites (Kiosses et al. 2001; Schmidt et al. 1993). The fo-
cal contact sites at the rear end of the cell are detached 
by cleavage of focal adhesion proteins or modulation of 
integrin affinity to ECM proteins (Franco and Hut-
tenlocher 2005; Shiraha et al. 1999). Finally, the 
cell moves forward due to contractile forces (Lauffen-
burger and Horwitz 1996). FAK is essential for mi-
gration by interaction with cytosolic part of integrin 
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subunits and growth factor receptors. Additional mole-
cules involved are p130Cas, Src, Crk, and Rho-GTPases 
such as Rac controlling actin organization (Klemke 
et al. 1998). A second FAK-mediated promigratory 
pathway is the Grb2/SOS/Ras/ERK pathway (van Nim-
wegen and van de Water 2007). Integrins also partic-
ipate in regulating proteases, for example MMP-2 and 
-9, that degrade the basement membrane, composed of 
ECM proteins like collagens type IV, laminins, and pro-
teoglycans. An example for integrin–MMP interaction 
is the recruitment of MMP-2 by integrins on the outside 
of the cell, where MMP-2 degrades ECM components 
to facilitate migration and invasion of the cell (Brooks 
et al. 1996). Furthermore, integrins can associate with 
uPA receptors (Chapman and Wei 2001).

Conclusively, migratory and metastatic events re-
sult from concerted and complex actions that provide 
optimal avenues for cells to traverse from one point 
to another, in case of metastasis, beyond physiological 
borders and the intravascular phase.

5.7  
Radiation and Chemoresistance of Tumor 
Cells Through Cell–Matrix Interactions

A current hypothesis is that malignant tumors, in gen-
eral, develop areas, so-called niches (different from the 
“cancer stem cell” niche), which confer a high degree 
of resistance against ionizing irradiation or cytotoxic 
drugs to the tumor cells. The molecular characteriza-
tion of these specific areas is ongoing but surely involves 
the binding of cells to the ECM as well as the binding of 
cells to other cells, regardless if malignant or normal.

As obvious from literature search, cell–cell con-
tacts have been a focus of interest in cancer research 
for many years (Ruch and Trosko 2001; Trosko and 
Ruch 1998). Recently, the impact of cell–matrix inter-
actions on tumor cell resistance was evidently dem-
onstrated in several cell lines from different solid and 
hematologic tumor entities in vitro. Dependent on the 
characteristics, the phenomena were called “cell ad-
hesion–mediated radiation resistance” (CAM-RR) or 
“cell adhesion–mediated drug resistance” (CAM-DR) 
(Cordes and Meineke 2003; Dalton 2003; Dami-
ano et al. 1999). Most relevant for in vitro cancer re-
search, this effect can easily be observed when compar-
ing the radio- or chemosensitivity of cells plated on a 
conventional plastic culture dish with cells plated on 
different matrix proteins like fibronectin, collagen, or 
laminin. The contact with ECM proteins and the altera-

tions in signaling caused by these interactions strongly 
support the cell to survive the treatment. A further 
increase in resistance can be achieved by placing the 
cells in a three-dimensional matrix, simulating more 
physiological growth conditions. There are ongoing ef-
forts to reveal the underlying mechanisms and identify 
the cellular proteins involved in CAM-RR and CAM-
DR, with the hope that this knowledge can add use-
ful and successful novel therapeutic agents to cancer 
treatment.

It has been discovered early that integrins, the main 
receptors for ECM proteins, participate in the cellular 
response to geno- and cytotoxic stress. Irradiation, for 
example, leads to a dose-dependent upregulation of 
several integrin subunits or of specific heterodimeric 
integrin receptors (Cordes et al. 2003; Wild-Bode 
et al. 2001), while knockdown of integrin expression 
with small interfering RNA (siRNA) radiosensitizes nu-
merous normal or neoplastic cells (Cordes et al. 2006, 
2007; Estrugo et al. 2007). Experiments with mouse 
fibroblasts expressing a signaling-incompetent mutant 
of β1 integrin demonstrated that not only integrin ex-
pression, but also integrin function is essential for cell 
survival after genotoxic injury (Cordes et al. 2006).

Unraveling the underlying molecular mechanism 
contributing to CAM-RR and CAM-DR, it was found 
that cell adhesion to fibronectin leads to an increase and 
prolongation of the radiation-induced G2-phase arrest 
in lung carcinoma cells, providing time for DNA dam-
age repair thereby ensuring genome integrity (Cordes 
and van Beuningen 2003). Similar effects were found 
in prostate epithelial cells after irradiation (Kremer 
et al. 2006).

Besides the modulation of cell cycle transition and 
DNA repair, integrins also seem in control of drug- and 
radiation-induced apoptotic cell death. Small cell lung 
cancer cells adherent to laminin, fibronectin, or colla-
gen type IV undergo less apoptosis after treatment with 
different cytotoxic drugs than cells grown on a nonspe-
cific control substrate (Sethi et al. 1999). Subsequent 
to inhibition of β1 integrin, using a function-blocking 
β1 integrin antibody, this prosurvival effect of matrix 
proteins was pronouncedly diminished. It was further 
confirmed in leukemia cells that integrins play a critical 
role for the regulation of apoptosis. While downregula-
tion of β1 integrin resulted in elevated caspase-3, -9, and 
-8 cleavage and enhanced radiation-induced apoptotic 
death, treatment with β1 integrin stimulatory antibod-
ies had the opposite effect and reduced significantly the 
rate of apoptosis (Estrugo et al. 2007). Eventually, Es-
trugo et al. delineated a novel mechanistic model show-
ing fibronectin-ligated β1 integrins to efficiently block 
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caspases-8 cleavage upon radiation via recruitment and 
stimulation of Akt.

In addition to resistance against irradiation and clas-
sical cytotoxic drugs, integrin-mediated cell–ECM in-
teractions reduce the efficacy of novel molecular thera-
peutics. Recently, Eke et al. (2006) showed that adhesion 
to fibronectin attenuates the anti-proliferative effect of a 
potent pharmacological EGFR tyrosine kinase inhibi-
tor in human squamous cell carcinoma cells of the head 
and neck. An explanation for the antagonistic effects by 
cell adhesion lies in the concept of receptor transactiva-
tion where integrin–fibronectin binding cross-activates 
EGFR and vice versa. Moreover, as reviewed in Sect. 5.4, 
cytoplasmic signaling is rather organized like a network 
than as straight pathways of canonical order. Ongoing 
studies testing other molecular therapeutics are cur-
rently characterizing the more general aspects of this 
phenomenon, which would at least in part explain the 
low efficacy of targeting drugs like Erbitux (cetuximab, 
EGFR antibody), Iressa (gefitinib, EGFR tyrosine kinase 
inhibitor), or Avastin (bevacizumab, VEGF antibody) 
(Baumann et al. 2008; Krause et al. 2008; Zips et al. 
2005).

But not only integrin-mediated cell adhesion modu-
lates cellular radio- or chemosensitivity. Integrin down-
stream molecules such as ILK and FAK or integrin-as-

sociated proteins like Caveolin-1 have been reported to 
alter resistance against cyto- and genotoxic injury (Fig. 
5.5) (Cordes et al. 2007; Eke et al. 2006, 2007; Hehl-
gans et al. 2007a, 2008; Kasahara et al. 2002). Most 
interestingly, ILK confers opposite survival effects upon 
irradiation as expected from the literature on drug sen-
sitivity and ILK (Duxbury et al. 2005; Edwards et al. 
2005; Persad et al. 2000). Human lung carcinoma cells, 
which are transfected with a constitutive active ILK mu-
tant, are more sensitive to irradiation with X-rays than 
is the ILK wild type and control cells (Cordes 2004). 
These data could be confirmed in human squamous cell 
carcinoma cells of the head and neck (Eke et al. 2006, 
2007). Consistent with these observations, reduction of 
ILK protein levels with siRNA confers radioresistance. 
Not only in solid tumors, but also in leukemia cells, ILK 
has shown antisurvival effects (Hess et al. 2007). ILK–
overexpressing cells are highly sensitive to radiation-in-
duced apoptosis, while downregulation of ILK results in 
radioprotection of the cells. These effects seem to be due 
to an interaction between ILK and different caspases. 
Interestingly, in mouse fibroblasts but not in tumor cells 
the radiosensitizing effect of ILK is antagonized when 
cells interact with different extracellular matrix proteins 
(Hehlgans et al. 2008) indicating that ILK modulates 
the radiation response of normal fibroblasts and cancer 

Fig. 5.5. A summary of our current knowledge how integrin signaling critically modi-
fies certain cellular response pathways upon radiation- or drug-induced cytotoxic stress. 
Cascades in green mediate prosurvival signals from transmembrane located β integrins and 
RTKs via Ras/MEK/MAPK, Akt, or FAK/Src/Cas in a cell type- and/or context-dependent 
manner. The cascade in red transduces anti-survival signals via ILK, caspase-8 and cas-
pase-3 to promote apoptosis
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cells in a differential manner. Recent additional data 
provided evidence that ILK is strongly associated with 
differentiation in normal tissues as well as with rediffer-
entiation in tumor tissues (Haase et al. 2008).

In contrast to ILK, overexpression of the prosurvival 
integrin signaling mediator FAK protects leukemia cells 
from radiation- and chemo-induced apoptosis (Kasa-
hara et al. 2002). Silencing of FAK protein expression 
with siRNA mediated knockdown increases the radio-
sensitivity of different tumor cell lines originating from 
pancreatic cancer (Cordes et al. 2007), breast cancer, 
and colorectal cancer (McLean et al. 2005). Others 
have shown that human melanoma cells become more 
sensitive to the chemotherapeutic agent 5-fluorouracil 
when FAK expression is downregulated (Smith et al. 
2005).

Besides the critical role of proximal integrin signal-
ing proteins, the integral membrane protein Caveolin-1, 
essential for endo- and exocytosis and linking of integ-
rins with growth factor receptors, is a critical modulator 
of cellular radiation sensitivity. Recently, Cordes et al. 

(2007) showed that Caveolin-1 expression as well as the 
number of Caveolin-1-positive caveolae is induced by 
ionizing irradiation. In reference to this chapter, Ca-
veolin-1-overexpression in pancreatic carcinoma cells 
leads to a significant reduction in radiosensitivity in 
comparison with control cells. Consistent with these re-
sults, a knockdown of Caveolin-1 enhanced the cellular 
radiosensitivity. These effects are partially channeled by 
a strong growth delay with a concomitant rise in G1-
phase cells but may be also caused by activity changes 
in important prosurvival signaling pathways such as the 
Akt cascade (Cordes et al. 2007).

5.8  
Summary and Perspective

Adhesion and invasion are controlled by integrin re-
ceptors and are frequently dysregulated in cancer with 
disastrous consequences such as local destruction of 

Table 5.5. Therapeutic agents against integrins. Data summary of approved agents and agents currently evaluated in clinical 
trials

Active agent Brand name target Indications (approved) Indications (in clinical trials)

Antibodies

Natalizumab Tysabri α4β7 Multiple sclerosis, Crohn’s disease

Abciximab ReoPro GPIIb/IIIa Angioplasty

Volociximab (M200) α5β1 Renal cell carcinoma, melanoma

Vitaxin (MEDI-522) αvβ3 Melanoma, colorectal carcinoma, 
prostate cancer, rheumatoid arthritis, 
psoriasis

CNTO 95 αv Prostate cancer, melanoma

Peptides

Cilengitide  
(EMD 121974)

αvβ3,

αvβ5

Glioblastoma, melanoma, lym-
phoma, renal cell carcinoma, colon 
carcinoma

Eptifibatide Integrilin α2β3 Small heart attacks, angioplasty

JSM6427 α5β1 Macular degeneration

Non-peptides

Tirofiban Aggrastat GPIIb/IIIa Instable angina pectoris

E7820 α2 Colorectal carcinoma, lymphoma

Data obtained from http://www.clinicaltrials.gov and http://www.fda.gov
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normal tissue, metastases, and ineffective local tumor 
control by anticancer therapeutics. In particular, aggra-
vated local tumor control evolves from the combination 
of genetic alterations and changes in the tumor micro-
milieu. Being widely neglected for decades, the myriad 
micromilieu factors such as oxygen, lactate, and extra-
cellular matrix are increasingly recognized as potent 
modulators of therapy resistance in cancer.

With respect to the content of this chapter, Table 
5.5 summarizes the integrin targeting compounds cur-
rent in clinical trials. Many of them are administrated 
in inflammatory diseases but others are given as mono-
therapy in a variety of human cancers. Speculatively not 
curative by themselves, anti-integrin agents might be 
potent when applied in combination with conventional 
radio- and chemotherapy as well as in a combination 
with other molecular drugs. Solving the intra- and ex-
tracellular networks a tumor cell exploits for its growth 
and spreading benefits in more depth may foster the di-
agnosis of early-stage cancer, the development of novel 
drugs, and eventually increased patient survival.

References

Acheson A, Sunshine JL, Rutishauser U (1991) NCAM poly-
sialic acid can regulate both cell–cell and cell-substrate 
interactions. J Cell Biol 114:143–153

Adamia S, Maxwell CA, Pilarski LM (2005) Hyaluronan and 
hyaluronan synthases: potential therapeutic targets in 
cancer. Curr Drug Targets Cardiovasc Haematol Disord 
5:3–14

Alavi A, Stupack DG (2007) Cell survival in a three-dimen-
sional matrix. Methods Enzymol 426:85–101

Albelda SM, Mette SA, Elder DE et al (1990) Integrin distribu-
tion in malignant melanoma: association of the beta 3 sub-
unit with tumor progression. Cancer Res 50:6757–6764

Alberts B, Johnson A, Lewis J et al (2002) Molecular biology of 
the cell, 4th edn. Garland Science, New York

Anderson RG (1998) The caveolae membrane system. Annu 
Rev Biochem 67:199–225

Ardelt W (1964) [Elastin, elastase, elastolysis.] (In Polish) 
Postepy Biochem 10:245–264

Barret C, Roy C, Montcourrier P et al (2000) Mutagenesis of 
the phosphatidylinositol 4,5-bisphosphate (PIP2) binding 
site in the NH2-terminal domain of ezrin correlates with 
its altered cellular distribution. J Cell Biol 151:1067–1080

Baumann M, Krause M, Hill R (2008) Exploring the role of 
cancer stem cells in radioresistance. Nat Rev Cancer 
8:545–554

Biancone L, Araki M, Araki K et al (1996) Redirection of tu-
mor metastasis by expression of E-selectin in vivo. J Exp 
Med 183:581–587

Bissell MJ, Radisky D (2001) Putting tumours in context. Nat 
Rev Cancer 1:46–54

Blaschke RJ, Howlett AR, Desprez PY et al (1994) Cell differ-
entiation by extracellular matrix components. Methods 
Enzymol 245:535–556

Blasi F, Carmeliet P (2002) uPAR: a versatile signalling orches-
trator. Nat Rev Mol Cell Biol 3:932–43

Board RE, Valle JW (2007) Metastatic colorectal cancer: cur-
rent systemic treatment options. Drugs 67:1851–1867

Bolender DL, Seliger WG, Markwald RR et al (1981) Struc-
tural analysis of extracellular matrix prior to the migration 
of cephalic neural crest cells. Scan Electron Microsc (Pt 
2):285–296

Bompard G, Martin M, Roy C et al (2003) Membrane targeting 
of protein tyrosine phosphatase PTPL1 through its FERM 
domain via binding to phosphatidylinositol 4,5-biphos-
phate. J Cell Sci 116 (Pt 12):2519–2530

Borsig L, Wong R, Hynes RO et al (2002) Synergistic effects 
of L- and P-selectin in facilitating tumor metastasis can 
involve non-mucin ligands and implicate leukocytes 
as enhancers of metastasis. Proc Natl Acad Sci USA 
99:2193–2198

Boudeau J, Miranda-Saavedra D, Barton GJ et al (2006) Emerg-
ing roles of pseudokinases. Trends Cell Biol 16:443–452

Brakebusch C, Fassler R (2003) The integrin-actin connection, 
an eternal love affair. EMBO J 22:2324–2333

Braun A, Bordoy R, Stanchi F et al (2003) PINCH2 is a new 
five LIM domain protein, homologous to PINCH and lo-
calized to focal adhesions. Exp Cell Res 284:239–250

Brodt P, Fallavollita L, Bresalier RS et al (1997) Liver endothe-
lial E-selectin mediates carcinoma cell adhesion and pro-
motes liver metastasis. Int J Cancer 71:612–619

Brooks PC, Stromblad S, Sanders LC et al (1996) Localization 
of matrix metalloproteinase MMP-2 to the surface of inva-
sive cells by interaction with integrin alpha v beta 3. Cell 
85:683–693

Broussard JA, Webb DJ, Kaverina I (2008) Asymmetric focal 
adhesion disassembly in motile cells. Curr Opin Cell Biol 
20:85–90

Burridge K, Nuckolls G, Otey C et al (1990) Actin-membrane 
interaction in focal adhesions. Cell Differ Dev 32:337–342

Calalb MB, Polte TR, Hanks SK (1995) Tyrosine phospho-
rylation of focal adhesion kinase at sites in the catalytic 
domain regulates kinase activity: a role for Src family ki-
nases. Mol Cell Biol 15:954–963

Calderwood DA, Tuckwell DS, Humphries MJ (1995) Speci-
ficity of integrin I-domain-ligand binding. Biochem Soc 
Trans 23:504S

Calderwood DA, Tuckwell DS, Eble J et al (1997) The integrin 
alpha1 A-domain is a ligand binding site for collagens and 
laminin. J Biol Chem 272:12311–12317

Caron-Lormier G, Berry H (2005) Amplification and oscilla-
tions in the FAK/Src kinase system during integrin signal-
ing. J Theor Biol 232:235–248

Carver LA, Schnitzer JE (2003) Caveolae: mining little caves 
for new cancer targets. Nat Rev Cancer 3:571–581

Ceccarelli DF, Song HK, Poy F et al (2006) Crystal structure of 
the FERM domain of focal adhesion kinase. J Biol Chem 
281:252–259

N. Cordes, S. Hehlgans, and I. Eke110



Chan AO (2006) E-cadherin in gastric cancer. World J Gastro-
enterol 12:199–203

Chang C, Werb Z (2001) The many faces of metalloproteases: 
cell growth, invasion, angiogenesis and metastasis. Trends 
Cell Biol 11:S37–S43

Chapman HA, Wei Y (2001) Protease crosstalk with integ-
rins: the urokinase receptor paradigm. Thromb Haemost 
86:124–129

Chishti AH, Kim AC, Marfatia SM et al (1998) The FERM 
domain: a unique module involved in the linkage of cy-
toplasmic proteins to the membrane. Trends Biochem Sci 
23:281–282

Chung J, Kim TH (2008) Integrin-dependent translational 
control: Implication in cancer progression. Microsc Res 
Tech 71:380–386

Chung LW, Li W, Gleave ME et al (1992) Human prostate can-
cer model: roles of growth factors and extracellular matri-
ces. J Cell Biochem Suppl 16H:99–105

Cochran AJ, Ohsie SJ, Binder SW (2008) Pathobiology of the 
sentinel node. Curr Opin Oncol 20:190–195

Cordes N (2004) Overexpression of hyperactive integrin-
linked kinase leads to increased cellular radiosensitivity. 
Cancer Res 64:5683–56892

Cordes N, Meineke V (2003) Cell adhesion-mediated radiore-
sistance (CAM-RR). Extracellular matrix-dependent im-
provement of cell survival in human tumor and normal 
cells in vitro. Strahlenther Onkol 179:337–344

Cordes N, Park CC (2007) beta1 integrin as a molecular thera-
peutic target. Int J Radiat Biol 83 (11–12):753–760

Cordes N, van Beuningen D (2003) Cell adhesion to the ex-
tracellular matrix protein fibronectin modulates radia-
tion-dependent G2 phase arrest involving integrin-linked 
kinase (ILK) and glycogen synthase kinase-3beta (GSK-
3beta) in vitro. Br J Cancer 88:1470–1479

Cordes N, Hansmeier B, Beinke C et al (2003) Irradiation dif-
ferentially affects substratum-dependent survival, adhe-
sion, and invasion of glioblastoma cell lines. Br J Cancer 
89:2122–2132

Cordes N, Seidler J, Durzok R et al (2006) beta1-integrin-
mediated signaling essentially contributes to cell sur-
vival after radiation-induced genotoxic injury. Oncogene 
25:1378–1390

Cordes N, Frick S, Brunner TB et al (2007) Human pancreatic 
tumor cells are sensitized to ionizing radiation by knock-
down of caveolin-1. Oncogene 26:6851–6862

Couet J, Sargiacomo M, Lisanti MP (1997) Interaction of a 
receptor tyrosine kinase, EGF-R, with caveolins. Caveolin 
binding negatively regulates tyrosine and serine/threonine 
kinase activities. J Biol Chem 272:30429–30438

Coussens LM, Werb Z (2002) Inflammation and cancer. Na-
ture 420:860–867

Cowin P, Rowlands TM, Hatsell SJ (2005) Cadherins and 
catenins in breast cancer. Curr Opin Cell Biol 17:499–508

Crnic I, Strittmatter K, Cavallaro U et al (2004) Loss of neural 
cell adhesion molecule induces tumor metastasis by up-
regulating lymphangiogenesis. Cancer Res 64:8630–8638

Croce CM (2008) Oncogenes and cancer. N Engl J Med 
358:502–511

Czirok A, Zamir EA, Filla MB et al (2006) Extracellular ma-
trix macroassembly dynamics in early vertebrate embryos. 
Curr Top Dev Biol 73:237–258

Dalton WS (2003) The tumor microenvironment: focus on 
myeloma. Cancer Treat Rev 29 Suppl 1:11–19

Damiano JS (2002) Integrins as novel drug targets for over-
coming innate drug resistance. Curr Cancer Drug Targets 
2:37–43

Damiano JS, Cress AE, Hazlehurst LA et al (1999) Cell adhe-
sion mediated drug resistance (CAM-DR): role of integ-
rins and resistance to apoptosis in human myeloma cell 
lines. Blood 93:1658–1667

Danen EH (2005) Integrins: regulators of tissue function and 
cancer progression. Curr Pharm Des 11:881–891

Delcommenne M, Tan C, Gray V et al (1998) Phosphoinosit-
ide-3-OH kinase-dependent regulation of glycogen syn-
thase kinase 3 and protein kinase B/AKT by the integrin-
linked kinase. Proc Natl Acad Sci USA 95:11211–1126

Diaz-Montero CM, McIntyre BW (2003) Acquisition of anoi-
kis resistance in human osteosarcoma cells. Eur J Cancer 
39:2395–2402

Dougherty GW, Chopp T, Qi SM et al (2005) The Ras suppres-
sor Rsu-1 binds to the LIM 5 domain of the adaptor pro-
tein PINCH1 and participates in adhesion-related func-
tions. Exp Cell Res 306:168–179

Durand RE (1994) The influence of microenvironmental fac-
tors during cancer therapy. In Vivo 8:691–702

Duxbury MS, Ito H, Benoit E et al (2005) RNA interference 
demonstrates a novel role for integrin-linked kinase as a 
determinant of pancreatic adenocarcinoma cell gemcit-
abine chemoresistance. Clin Cancer Res 11:3433–3438

Edwards LA, Thiessen B, Dragowska WH et al (2005) Inhibi-
tion of ILK in PTEN-mutant human glioblastomas inhibits 
PKB/Akt activation, induces apoptosis, and delays tumor 
growth. Oncogene 24:3596–35605

Eke I, Sandfort V, Mischkus A et al (2006) Antiproliferative 
effects of EGFR tyrosine kinase inhibition and radiation-
induced genotoxic injury are attenuated by adhesion to 
fibronectin. Radiother Oncol 80:178–184

Eke I, Sandfort V, Storch K et al (2007) Pharmacological inhibi-
tion of EGFR tyrosine kinase affects ILK-mediated cellular 
radiosensitization in vitro. Int J Radiat Biol 83:793–802

Erler JT, Bennewith KL, Nicolau M et al (2006) Lysyl oxidase 
is essential for hypoxia-induced metastasis. Nature 440 
(7088):1222–1226

Estrugo D, Fischer A, Hess F et al (2007) Ligand bound beta1 
integrins inhibit procaspase-8 for mediating cell adhesion-
mediated drug and radiation resistance in human leuke-
mia cells. PLoS ONE 2:e269

Evans EA, Calderwood DA (2007) Forces and bond dynamics 
in cell adhesion. Science 316:1148–1153

Evans RD, Jones J, Taylor C et al (2004) Sequence variation in 
the I-like domain of the beta1 integrin subunit in human 
oral squamous cell carcinomas. Cancer Lett 213:189–194

Adhesion, Invasion, Integrins, and Beyond 111



Fielding CJ, Fielding PE (2003) Relationship between choles-
terol trafficking and signaling in rafts and caveolae. Bio-
chim Biophys Acta 1610:219–228

Fine JD, Griffith RD (1985) A specific defect in glycosylation 
of epidermal cell membranes. Definition in skin from pa-
tients with epidermolysis bullosa simplex. Arch Dermatol 
121:1292–1296

Fogar P, Basso D, Pasquali C et al (1997) Neural cell adhesion 
molecule (N-CAM) in gastrointestinal neoplasias. Anti-
cancer Res 17:1227–1230

Franco SJ, Huttenlocher A (2005) Regulating cell migration: 
calpains make the cut. J Cell Sci 118:3829–3838

Friedl P, Brocker EB (2000) The biology of cell locomotion 
within three-dimensional extracellular matrix. Cell Mol 
Life Sci 57:41–64

Galbiati F, Volonte D, Engelman JA et al (1998) Targeted down-
regulation of caveolin-1 is sufficient to drive cell transfor-
mation and hyperactivate the p42/44 MAP kinase cascade. 
EMBO J 17:6633–6648

Giancotti FG, Ruoslahti E (1999) Integrin signaling. Science 
285:1028–1032

Girault JA, Labesse G, Mornon JP et al (1999) The N-termini 
of FAK and JAKs contain divergent band 4.1 domains. 
Trends Biochem Sci 24:54–57

Gluer S, Wunder MA, Schelp C et al (1998) Polysialylated 
neural cell adhesion molecule serum levels in normal chil-
dren. Pediatr Res 44:915–919

Godsel LM, Hobbs RP, Green KJ (2008) Intermediate filament 
assembly: dynamics to disease. Trends Cell Biol 18:28–37

Gomez DE, Alonso DF, Yoshiji H et al (1997) Tissue inhibitors 
of metalloproteinases: structure, regulation and biological 
functions. Eur J Cell Biol 74:111–122

Gospodarowicz D, Greenburg G, Vlodavsky I et al (1979) The 
identification and localization of fibronectin in cultured 
corneal endothelial cells: cell surface polarity and physi-
ological implications. Exp Eye Res 29:485–509

Green KJ, Simpson CL (2007) Desmosomes: new perspectives 
on a classic. J Invest Dermatol 127:2499–2515

Greenlee KJ, Werb Z, Kheradmand F (2007) Matrix metallo-
proteinases in lung: multiple, multifarious, and multifac-
eted. Physiol Rev 87:69–98

Guo W, Giancotti FG (2004) Integrin signalling during tumour 
progression. Nat Rev Mol Cell Biol 5:816–826

Haase M, Gmach CC, Eke I et al (2008) Expression of integ-
rin-linked kinase is increased in differentiated cells. J His-
tochem Cytochem (in press)

Halazonetis TD, Gorgoulis VG, Bartek J (2008) An oncogene-
induced DNA damage model for cancer development. Sci-
ence 319:1352–1355

Hannigan GE, Leung-Hagesteijn C, Fitz-Gibbon L et al (1996) 
Regulation of cell adhesion and anchorage-dependent 
growth by a new beta 1-integrin-linked protein kinase. 
Nature 379:91–96

Hay ED (1989) Extracellular matrix, cell skeletons, and embry-
onic development. Am J Med Genet 34:14–29

Hayashi I, Vuori K, Liddington RC (2002) The focal adhe-
sion targeting (FAT) region of focal adhesion kinase is 
a four-helix bundle that binds paxillin. Nat Struct Biol 
9:101–106

Hehlgans S, Eke I, Cordes N (2007a) An essential role of integ-
rin-linked kinase in the cellular radiosensitivity of normal 
fibroblasts during the process of cell adhesion and spread-
ing. Int J Radiat Biol 83:769–779

Hehlgans S, Haase M, Cordes N (2007b) Signalling via integ-
rins: implications for cell survival and anticancer strate-
gies. Biochim Biophys Acta 1775:163–180

Hehlgans S, Eke I, Deuse Y et al (2008) Integrin-linked kinase: 
Dispensable for radiation survival of three-dimensionally 
cultured fibroblasts. Radiother Oncol 86:329–335

Hemperly JJ, DeGuglielmo JK, Reid RA (1990) Character-
ization of cDNA clones defining variant forms of human 
neural cell adhesion molecule N-CAM. J Mol Neurosci 
2:71–78

Hernandez-Barrantes S, Bernardo M, Toth M et al (2002) 
Regulation of membrane type-matrix metalloproteinases. 
Semin Cancer Biol 12:131–138

Hess F, Estrugo D, Fischer A et al (2007) Integrin-linked kinase 
interacts with caspase-9 and -8 in an adhesion-dependent 
manner for promoting radiation-induced apoptosis in hu-
man leukemia cells. Oncogene 26:1372–1384

Hirao M, Sato N, Kondo T et al (1996) Regulation mechanism 
of ERM (ezrin/radixin/moesin) protein/plasma membrane 
association: possible involvement of phosphatidylinositol 
turnover and Rho-dependent signaling pathway. J Cell 
Biol 135:37–51

Hodkinson PS, Mackinnon AC, Sethi T (2007) Extracellular 
matrix regulation of drug resistance in small-cell lung 
cancer. Int J Radiat Biol 83:733–741

Hood JD, Cheresh DA (2002) Role of integrins in cell invasion 
and migration. Nat Rev Cancer 2:91–100

Hynes RO (2002) Integrins: bidirectional, allosteric signaling 
machines. Cell 110:673–687

Hynes RO (2003) Metastatic potential: generic predisposi-
tion of the primary tumor or rare, metastatic variants – or 
both? Cell 113:821–823

Hynes RO (2004) The emergence of integrins: a personal and 
historical perspective. Matrix Biol 23:333–340

Ino Y, Gotoh M, Sakamoto M et al (2002) Dysadherin, a can-
cer-associated cell membrane glycoprotein, down-regu-
lates E-cadherin and promotes metastasis. Proc Natl Acad 
Sci USA 99:365–370

Ishida-Yamamoto A, McGrath JA, Chapman SJ et al (1991) 
Epidermolysis bullosa simplex (Dowling-Meara type) is 
a genetic disease characterized by an abnormal keratin-
filament network involving keratins K5 and K14. J Invest 
Dermatol 97:959–968

Janes SM, Watt FM (2004) Switch from alphavbeta5 to alphav-
beta6 integrin expression protects squamous cell carcino-
mas from anoikis. J Cell Biol 166:419–431

N. Cordes, S. Hehlgans, and I. Eke112



Jinga DC, Blidaru A, Condrea I et al (2006) MMP-9 and 
MMP-2 gelatinases and TIMP-1 and TIMP-2 inhibitors in 
breast cancer: correlations with prognostic factors. J Cell 
Mol Med 10:499–510

Johnson LD (1980) The biochemical properties of basement 
membrane components in health and disease. Clin Bio-
chem 13:204–208

Kasahara T, Koguchi E, Funakoshi M et al (2002) Antiapop-
totic action of focal adhesion kinase (FAK) against ioniz-
ing radiation. Antioxid Redox Signal 4:491–499

Kim DW, Huamani J, Fu A et al (2006) Molecular strategies 
targeting the host component of cancer to enhance tumor 
response to radiation therapy. Int J Radiat Oncol Biol Phys 
64:38–46

Kiosses WB, Shattil SJ, Pampori N et al (2001) Rac recruits 
high-affinity integrin alphavbeta3 to lamellipodia in en-
dothelial cell migration. Nat Cell Biol 3:316–320

Klemke RL, Leng J, Molander R et al (1998) CAS/Crk coupling 
serves as a “molecular switch” for induction of cell migra-
tion. J Cell Biol 140:961–972

Krause M, Baumann M (2008) Clinical biomarkers of kinase 
activity: examples from EGFR inhibition trials. Cancer 
Metastasis Rev 27:387–402

Kremer CL, Schmelz M, Cress AE (2006) Integrin-dependent 
amplification of the G2 arrest induced by ionizing radia-
tion. Prostate 66:88–96

Kucharewicz I, Kowal K, Buczko W et al (2003) The plasmin 
system in airway remodeling. Thromb Res 112:1–7

LaBarge MA, Petersen OW, Bissell MJ (2007) Of microenviron-
ments and mammary stem cells. Stem Cell Rev 3:137–146

Lauffenburger DA, Horwitz AF (1996) Cell migration: a physi-
cally integrated molecular process. Cell 84:359–369

Lee H, Volonte D, Galbiati F et al (2000) Constitutive and 
growth factor-regulated phosphorylation of caveolin-1 
occurs at the same site (Tyr-14) in vivo: identification of 
a c-Src/Cav-1/Grb7 signaling cassette. Mol Endocrinol 
14:1750–1775

Li S, Couet J, Lisanti MP (1996) Src tyrosine kinases, alpha sub-
units, and H-Ras share a common membrane-anchored 
scaffolding protein, caveolin. Caveolin binding negatively 
regulates the auto-activation of Src tyrosine kinases. J Biol 
Chem 271:29182–29190

Li ZW, Dalton WS (2006) Tumor microenvironment and 
drug resistance in hematologic malignancies. Blood Rev 
20:333–342

Lipscomb EA, Mercurio AM (2005) Mobilization and activa-
tion of a signaling competent alpha6beta4integrin under-
lies its contribution to carcinoma progression. Cancer Me-
tastasis Rev 24:413–423

Liu S, Calderwood DA, Ginsberg MH (2000) Integrin cy-
toplasmic domain-binding proteins. J Cell Sci 113 (Pt 
20):3563–3571

Ljungberg B (2007) Prognostic markers in renal cell carci-
noma. Curr Opin Urol 17:303–308

Lo SH, Chen LB (1994) Focal adhesion as a signal transduc-
tion organelle. Cancer Metastasis Rev 13:9–24

Lodish H, Berk A, Matsudaira P et al (2004) Molecular cell 
biology, 5th edn. Freeman, New York

Lopez-Otin C, Matrisian LM (2007) Emerging roles of pro-
teases in tumour suppression. Nat Rev Cancer 7:800–808

Lynch CC, Matrisian LM (2002) Matrix metalloproteinases 
in tumor-host cell communication. Differentiation 
70:561–573

Lynch DK, Ellis CA, Edwards PA et al (1999) Integrin-linked 
kinase regulates phosphorylation of serine 473 of pro-
tein kinase B by an indirect mechanism. Oncogene 
18:8024–8032

Martin KH, Slack JK, Boerner SA et al (2002) Integrin connec-
tions map: to infinity and beyond. Science 296:1652–1653

Massova I, Kotra LP, Fridman R et al (1998) Matrix metal-
loproteinases: structures, evolution, and diversification. 
FASEB J 12:1075–1095

McLean GW, Carragher NO, Avizienyte E et al (2005) The role 
of focal-adhesion kinase in cancer—a new therapeutic op-
portunity. Nat Rev Cancer 5:505–415

Mercurio AM, Rabinovitz I (2001) Towards a mechanistic un-
derstanding of tumor invasion—lessons from the alpha-
6beta 4 integrin. Semin Cancer Biol 11:129–141

Mese G, Richard G, White TW (2007) Gap junctions: basic 
structure and function. J Invest Dermatol 127:2516–2524

Mettouchi A, Klein S, Guo W et al (2001) Integrin-specific 
activation of Rac controls progression through the G(1) 
phase of the cell cycle. Mol Cell 8:115–127

Mileusnic R, Lancashire C, Rose SP (1999) Sequence-specific 
impairment of memory formation by NCAM antisense 
oligonucleotides. Learn Mem 6:120–127

Mitra SK, Hanson DA, Schlaepfer DD (2005) Focal adhesion 
kinase: in command and control of cell motility. Nat Rev 
Mol Cell Biol 6:56–68

Miyahara R, Tanaka F, Nakagawa T et al (2001) Expression 
of neural cell adhesion molecules (polysialylated form of 
neural cell adhesion molecule and L1-cell adhesion mol-
ecule) on resected small cell lung cancer specimens: in re-
lation to proliferation state. J Surg Oncol 77:49–54

Mochizuki S, Okada Y (2007) ADAMs in cancer cell prolifera-
tion and progression. Cancer Sci 98:621–628

Morabito A, Piccirillo MC, Monaco K et al (2007) First-line 
chemotherapy for HER-2 negative metastatic breast can-
cer patients who received anthracyclines as adjuvant treat-
ment. Oncologist 12:1288–1298

Moroi M, Jung SM (1998) Integrin-mediated platelet adhe-
sion. Front Biosci 3:d719–d728

Munshi HG, Stack MS (2006) Reciprocal interactions between 
adhesion receptor signaling and MMP regulation. Cancer 
Metastasis Rev 25:45–56

Nagano O, Saya H (2004) Mechanism and biological signifi-
cance of CD44 cleavage. Cancer Sci 95:930–935

Nagase H (1997) Activation mechanisms of matrix metallo-
proteinases. Biol Chem 378:151–560

Niessen CM (2007) Tight junctions/adherens junctions: basic 
structure and function. J Invest Dermatol 127:2525–2532

Niessen CM, Gottardi CJ (2008) Molecular components of the 
adherens junction. Biochim Biophys Acta 1778:562–571

Adhesion, Invasion, Integrins, and Beyond 113



Nimwegen MJ van, van de Water B (2007) Focal adhesion ki-
nase: a potential target in cancer therapy. Biochem Phar-
macol 73:597–609

Nowakowski J, Cronin CN, McRee DE et al (2002) Structures 
of the cancer-related Aurora-A, FAK, and EphA2 pro-
tein kinases from nanovolume crystallography. Structure 
10:1659–1667

Okamoto T, Schlegel A, Scherer PE et al (1998) Caveolins, a 
family of scaffolding proteins for organizing “preassem-
bled signaling complexes” at the plasma membrane. J Biol 
Chem 273:5419–5422

Park CC, Zhang H, Pallavicini M et al (2006) Beta1 integrin 
inhibitory antibody induces apoptosis of breast cancer 
cells, inhibits growth, and distinguishes malignant from 
normal phenotype in three dimensional cultures and in 
vivo. Cancer Res 66:1526–1535

Parsons JT (2003) Focal adhesion kinase: the first ten years. J 
Cell Sci 116:1409–1416

Paszek MJ, Weaver VM (2004) The tension mounts: mechanics 
meets morphogenesis and malignancy. J Mammary Gland 
Biol Neoplasia 9:325–3242

Perry SV, Cotterill J (1965) Interaction of actin and myosin. 
Nature 206:161–163

Persad S, Attwell S, Gray V et al (2000) Inhibition of integ-
rin-linked kinase (ILK) suppresses activation of protein 
kinase B/Akt and induces cell cycle arrest and apoptosis 
of PTEN-mutant prostate cancer cells. Proc Natl Acad Sci 
USA 97:3207–3212

Petersen C, Eicheler W, Frommel A et al (2003) Proliferation 
and micromilieu during fractionated irradiation of human 
FaDu squamous cell carcinoma in nude mice. Int J Radiat 
Biol 79:469–477

Petersen OW, Ronnov-Jessen L, Weaver VM et al (1998) Dif-
ferentiation and cancer in the mammary gland: shedding 
light on an old dichotomy. Adv Cancer Res 75:135–161

Pettitt J (2005) The cadherin superfamily. WormBook 29:1–9
Plantefaber LC, Hynes RO (1989) Changes in integrin recep-

tors on oncogenically transformed cells. Cell 56:281–290
Pollerberg GE, Burridge K, Krebs KE et al (1987) The 180-kD 

component of the neural cell adhesion molecule N-CAM 
is involved in cell–cell contacts and cytoskeleton–mem-
brane interactions. Cell Tissue Res 250:227–236

Porter JC, Hogg N (1998) Integrins take partners: cross-talk 
between integrins and other membrane receptors. Trends 
Cell Biol 8:390–396

Qian X, Karpova T, Sheppard AM et al (2004) E-cadherin-me-
diated adhesion inhibits ligand-dependent activation of 
diverse receptor tyrosine kinases. EMBO J 23:1739–1748

Ra HJ, Parks WC (2007) Control of matrix metalloproteinase 
catalytic activity. Matrix Biol 26:587–596

Ramachandran GN, Kartha G (1954) Structure of collagen. 
Nature 174 (4423):269–270

Ramsay AG, Marshall JF, Hart IR (2007) Integrin trafficking 
and its role in cancer metastasis. Cancer Metastasis Rev 
26:567–578

Raucher D, Sheetz MP (2000) Cell spreading and lamellipodial 
extension rate is regulated by membrane tension. J Cell 
Biol 148:127–136

Reynolds AB (2007) p120-catenin: past and present. Biochim 
Biophys Acta 1773:2–7

Roesler J, Srivatsan E, Moatamed F et al (1997) Tumor sup-
pressor activity of neural cell adhesion molecule in colon 
carcinoma. Am J Surg 174:251–257

Rousset B (1996) [Introduction to the structure and functions 
of junction communications or gap junctions]. (In French) 
Ann Endocrinol (Paris) 57:476–480

Ruch RJ, Trosko JE (2001) Gap-junction communication in 
chemical carcinogenesis. Drug Metab Rev 33:117–124

Ruoslahti E (1999) Fibronectin and its integrin receptors in 
cancer. Adv Cancer Res 76:1–20

Ruoslahti E (2003) The RGD story: a personal account. Matrix 
Biol 22:459–465

Salanueva IJ, Cerezo A, Guadamillas MC et al (2007) In-
tegrin regulation of caveolin function. J Cell Mol Med 
11:969–980

Sarbassov DD, Guertin DA, Ali SM et al (2005) Phosphoryla-
tion and regulation of Akt/PKB by the rictor-mTOR com-
plex. Science 307:1098–1101

Schlaepfer DD, Mitra SK, Ilic D (2004) Control of motile and 
invasive cell phenotypes by focal adhesion kinase. Biochim 
Biophys Acta 1692:77–102

Schmidt CE, Horwitz AF, Lauffenburger DA et al (1993) In-
tegrin-cytoskeletal interactions in migrating fibroblasts 
are dynamic, asymmetric, and regulated. J Cell Biol 
123:977–991

Schwartz MA (2001) Integrin signaling revisited. Trends Cell 
Biol 11:466–470

Sethi T, Rintoul RC, Moore SM et al (1999) Extracellular ma-
trix proteins protect small cell lung cancer cells against 
apoptosis: a mechanism for small cell lung cancer growth 
and drug resistance in vivo. Nat Med 5:662–668

Shiraha H, Glading A, Gupta K et al (1999) IP-10 inhibits epi-
dermal growth factor-induced motility by decreasing epi-
dermal growth factor receptor-mediated calpain activity. J 
Cell Biol 146:243–254

Siesser PM, Hanks SK (2006) The signaling and biological im-
plications of FAK overexpression in cancer. Clin Cancer 
Res 12:3233–3237

Small JV, Resch GP (2005) The comings and goings of actin: 
coupling protrusion and retraction in cell motility. Curr 
Opin Cell Biol 17:517–523

Smith CS, Golubovskaya VM, Peck E et al (2005) Effect of fo-
cal adhesion kinase (FAK) downregulation with FAK an-
tisense oligonucleotides and 5-fluorouracil on the viability 
of melanoma cell lines. Melanoma Res 15:357–362

Song KS, Scherer PE, Tang Z et al (1996) Expression of ca-
veolin-3 in skeletal, cardiac, and smooth muscle cells. 
Caveolin-3 is a component of the sarcolemma and co-
fractionates with dystrophin and dystrophin-associated 
glycoproteins. J Biol Chem 271:15160–15165

N. Cordes, S. Hehlgans, and I. Eke114



Stanchi F, Bordoy R, Kudlacek O et al (2005) Conse-
quences of loss of PINCH2 expression in mice. J Cell Sci 
118:5899–5910

Sternlicht MD, Werb Z (2001) How matrix metalloprotei-
nases regulate cell behavior. Annu Rev Cell Dev Biol 
17:463–516

Sugrue SP, Hay ED (1981) Response of basal epithelial cell sur-
face and Cytoskeleton to solubilized extracellular matrix 
molecules. J Cell Biol 91:45–54

Tachibana K, Sato T, D’Avirro N et al (1995) Direct association 
of pp125FAK with paxillin, the focal adhesion-targeting 
mechanism of pp125FAK. J Exp Med 182:1089–1099

Tang Z, Scherer PE, Okamoto T et al (1996) Molecular clon-
ing of caveolin-3, a novel member of the caveolin gene 
family expressed predominantly in muscle. J Biol Chem 
271:2255–22561

Tannock IF (1996) Treatment of cancer with radiation and 
drugs. J Clin Oncol 14:3156–3174

Tascilar O, Cakmak GK, Tekin IO et al (2007) Neural cell ad-
hesion molecule-180 expression as a prognostic criterion 
in colorectal carcinoma: feasible or not? World J Gastro-
enterol 13:5476–5480

Trosko JE, Ruch RJ (1998) Cell–cell communication in car-
cinogenesis. Front Biosci 3:d208–d236

Tu Y, Li F, Wu C (1998) Nck-2, a novel Src homology2/3-con-
taining adaptor protein that interacts with the LIM-only 
protein PINCH and components of growth factor receptor 
kinase-signaling pathways. Mol Biol Cell 9:3367–3382

Tu Y, Li F, Goicoechea S et al (1999) The LIM-only protein 
PINCH directly interacts with integrin-linked kinase and 
is recruited to integrin-rich sites in spreading cells. Mol 
Cell Biol 19:2425–2434

Varmus H, Pao W, Politi K et al (2005) Oncogenes come of age. 
Cold Spring Harb Symp Quant Biol 70:1–9

Vaupel P, Mayer A (2005) Hypoxia and anemia: effects on tu-
mor biology and treatment resistance. Transfus Clin Biol 
12:5–10

Vaynberg J, Fukuda T, Chen K et al (2005) Structure of an 
ultraweak protein–protein complex and its crucial role 
in regulation of cell morphology and motility. Mol Cell 
17:513–523

Velyvis A, Yang Y, Wu C et al (2001) Solution structure of the 
focal adhesion adaptor PINCH LIM1 domain and charac-
terization of its interaction with the integrin-linked kinase 
ankyrin repeat domain. J Biol Chem 276:4932–4939

Vlodavsky I, Korner G, Ishai-Michaeli R et al (1990) Extra-
cellular matrix-resident growth factors and enzymes: pos-
sible involvement in tumor metastasis and angiogenesis. 
Cancer Metastasis Rev 9:203–226

Vlodavsky I, Fuks Z, Ishai-Michaeli R et al (1991) Extracel-
lular matrix-resident basic fibroblast growth factor: im-
plication for the control of angiogenesis. J Cell Biochem 
45:167–176

Wang Y, Mehta PP (1995) Facilitation of gap-junctional com-
munication and gap-junction formation in mamma-
lian cells by inhibition of glycosylation. Eur J Cell Biol 
67:285–296

Wary KK, Mariotti A, Zurzolo C et al (1998) A requirement for 
caveolin-1 and associated kinase Fyn in integrin signaling 
and anchorage-dependent cell growth. Cell 94:625–634

Watt FM (2002) Role of integrins in regulating epidermal ad-
hesion, growth and differentiation. Embo J 21:3919–3926

Weaver VM, Lelievre S, Lakins JN et al (2002) beta4 integrin-
dependent formation of polarized three-dimensional ar-
chitecture confers resistance to apoptosis in normal and 
malignant mammary epithelium. Cancer Cell 2:205–216

Wedgwood A, Younes A (2006) Targeting lymphoma cells and 
their microenvironment with novel antibodies. Clin Lym-
phoma Myeloma 7(Suppl):S33–S40

Wei Y, Yang X, Liu Q et al (1999) A role for caveolin and the 
urokinase receptor in integrin-mediated adhesion and sig-
naling. J Cell Biol 144:1285–1294

Wild-Bode C, Weller M, Rimner A et al (2001) Sublethal ir-
radiation promotes migration and invasiveness of glioma 
cells: implications for radiotherapy of human glioblas-
toma. Cancer Res 61:2744–2750

Williams TM, Lisanti MP (2005) Caveolin-1 in oncogenic 
transformation, cancer, and metastasis. Am J Physiol 
288:C494–C506

Yamamoto M, Toya Y, Schwencke C et al (1998) Caveolin is 
an activator of insulin receptor signaling. J Biol Chem 
273:26962–26968

Yao ES, Zhang H, Chen YY et al (2007) Increased beta1 integ-
rin is associated with decreased survival in invasive breast 
cancer. Cancer Res 67:659–664

Zahir N, Weaver VM (2004) Death in the third dimension: 
apoptosis regulation and tissue architecture. Curr Opin 
Genet Dev 14:71–80

Zips D, Eicheler W, Geyer P et al (2005) Enhanced suscepti-
bility of irradiated tumor vessels to vascular endothelial 
growth factor receptor tyrosine kinase inhibition. Cancer 
Res 65:5374–5379

Adhesion, Invasion, Integrins, and Beyond 115



C o n t e n t s

6.1 Introduction 118

6.2 Metastatic Dissemination 
of tumour Cells 118

6.2.1 Clinical Courses and Experimental 
Data from Primary Tumours 
and Metastases Do Not Enable 
a Coherent Understanding 
of Metastatic Progression 118

6.2.2 Studying the Precursor 
Cells of Metastasis 120

6.2.3 Dissemination Can Be an Early 
Event in Malignant Cancers 120

6.2.4 Genetic Heterogeneity During 
Minimal Residual Disease 120

6.2.5 Clonal Expansion of Disseminated 
Tumour Cells Occurs 
Shortly Before Manifestation 
of Metastasis 121

6.3 Mechanisms of Metastasis 121
6.3.1 Homing and Survival of Tumour 

Cells at Ectopic Sites 122
6.3.1.1 Paget’s “Seed-and-Soil” and 

Ewing’s “Hemodynamic” 
Paradigm 122

6.3.2 Tumour Dormancy 123
6.3.3 Tumour Growth at 

Ectopic Sites 124
6.3.3.1 The Need for Angiogenesis 124

6.4 systemically Acting Factors: 
Genetic Background, Aging 
and the Immune system 125

6.4.1 Metastasis and Genetic 
Background 125

6.4.2 Metastasis, Immune System 
and Ageing 125

References 126

K E Y  P O I n T S

 For at least one century, the prevailing view  •
has considered metastasis as a late and final 
step in cancer progression. Also, supportive 
experimental data have been gathered, such as 
somatic genetic changes accumulating during 
local cancer progression—many of which can 
also be identified in metastases.

 More recent genetic data suggested that the  •
metastatic potential cannot be acquired late in 
local progression in rare variant cells, but that 
dissemination of tumour cells begins very early 
after transformation. Primary tumours may 
often be poor surrogate markers for the genet-
ics of disseminated tumour cells (DTCs) and 
thereby for response to adjuvant therapies.

 The cancer stem cell (CSC) hypothesis adds as  •
a further complication a hierarchy of tumour 
cells, generated by non-genetic mechanisms, 
to the progression puzzle. This hypothesis as-
sumes that only rare subpopulations of tumour 
cells, derived from organ-specific stem or pro-
genitor cells, are driving the growth and spread 
of malignant cancers.

 Cytokeratins are the most specific and cur- •
rently also the most sensitive markers to detect 
single DTCs in bone marrow, while the epithe-
lial cell adhesion molecule (EpCAM; CD326) 
is favoured for the analysis of DTCs in lymph 
nodes, and for the detection of circulating tu-
mour cells (CTC) in the blood stream several 
markers are in use.
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Abstract

This chapter summarizes current concepts of dissemi-
nation (the processes of leaving the primary lesion and 
homing to and surviving in a new environment) and 
metastasis (the successful growth of a cancer cell to a 
clinically detectable, distant colony) and the role of mi-
croenvironmental as well as systemically acting factors 
in these processes. We review recent research on geno-
types and phenotypes of early disseminated cancer cells 
and discuss the role of tumour dormancy, angiogenesis, 
and genetic background, aging and the immune system 
in metastasis.

6.1  
Introduction

In most cancer literature metastasis is referred to as the 
‘major cause of cancer mortality’, while the process of 

metastatic spread and the mechanisms involved are 
rarely addressed. In fact, very few research groups have 
been focusing on the genetics and epigenetics of dissem-
inating cancer cells, the role of the microenvironment 
for homing, survival and colonization, and the selection 
pressures acting on tumour cells that are leaving the 
primary tumour (Fig. 6.1). In contrast, metastasis was 
and still is often viewed as the inevitable consequence 
of tumours that have become just too large to persist as 
a local disease. During recent years, this popular opin-
ion has been challenged by new and interesting data. 
It is the goal of this chapter, to introduce the emerging 
concepts to scientifically interested physicians, as they 
might stimulate innovative translational research.

6.2  
Metastatic Dissemination of Tumour Cells

6.2.1  
Clinical Courses and Experimental Data 
from Primary Tumours and Metastases 
Do not Enable a Coherent Understanding 
of Metastatic Progression

For at least one century, the prevailing view has consid-
ered metastasis as a late and final step in cancer progres-
sion. There are indeed good intuitive reasons for this 
opinion, such as that most cancer patients die from me-
tastases and not from their primary disease or that early 
surgery is often the only chance to cure the patient. 
Also, supportive experimental data have been gathered, 
such as somatic genetic changes accumulating dur-
ing local cancer progression—many of which can also 
be identified in metastases. The observed accumula-
tion of genetic aberrations during local tumour growth 
(Fearon and Vogelstein 1990) was consequently 
extrapolated to systemic progression and, repeatedly, 
‘metastogenes’ have been proposed, such as CD44v or 
PRL-3, thought to switch on a metastasiogenic program 
of invasion, dissemination, colonization and metastatic 
outgrowth (Saha et al. 2001; Zoller 1995). These data 
were consistent with another very influential observa-
tion. During transplantation experiments it was noted 
that only rare variant cells within the tumour will give 
rise to metastases (Fidler and Kripke 1977), so that 
a simple comparison between primary tumours and 
metastasis should enable the identification of those ad-
ditional hits in the genome that transform a primary 
tumour cell into a metastatic cell. However, a recent 
study could not convincingly demonstrate the existence 
of metastasis-specific genes despite almost complete 

 Several lines of evidence suggest that DTCs  •
evolve largely independently from the primary 
tumour, and that they accumulate genetic al-
terations until they eventually grow out.

 We suggest using the term  • dissemination for 
the processes of leaving the primary lesion and 
homing to and surviving in the new environ-
ment, and the term metastasis for the success-
ful growth of a cancer cell to a clinically detect-
able, distant colony. Thereby, dissemination is 
necessary but not sufficient for lethal manifes-
tation of metastasis, and metastatic growth can 
occur years after successful homing to a distant 
site, possibly triggered by intrinsic and extrin-
sic factors that were not present at the time of 
dissemination.

 The progression of a micrometastasis to a clini- •
cally manifest metastasis depends at least par-
tially on its ability to induce a blood supply. As 
a consequence of the angiogenic switch, the 
dormant micrometastasis downregulates in-
hibitors of angiogenesis and starts to express 
angiogenic proteins.

 There is growing evidence that cellular senes- •
cence in aging tissues is associated with a se-
cretory phenotype of the microenvironment 
that may stimulate neoplastic growth of epithe-
lial cells.
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sequencing of the genomes of metastases and primary 
tumours (Jones et al. 2008).

It is not only the failure of large genome screens of 
advanced, highly aggressive tumours undertaken in the 
search for the ‘metastogenes’ that challenge the late-me-
tastasis concept but also this view implies some funda-
mental inconsistencies. For example, it is well known by 
clinicians that metastases also develop in patients with 
small cancers or even in the absence of detectable pri-
mary tumours (so-called cancer of unknown primary, 
which ranks among the ten most frequent cancer di-
agnoses; Abbruzzese et al. 1994; van de Wouw et al. 
2002). Furthermore, statistical evaluation of data from 

the Munich Tumour Registry comprising more than 
12,000 breast cancer patients indicated that the process 
of metastasis might have already been initiated 5–7 years 
before clinical diagnosis of the primary tumour (Engel 
et al. 2003). Perhaps even better known is the success-
ful prediction of the clinical outcome of a patient using 
gene expression profiling on microarrays. As the risk 
of metastatic disease within the first 5 years after sur-
gery can be predicted with high accuracy from the gene 
expression profile of the primary tumour (Sotiriou 
and Piccart 2007), it was concluded that metastatic 
proclivity must be represented in the gene expression 
profile of the dominant cell clone. Thus, the metastatic 

Cell death Dormant solitary cell Immunosurveillance

Immunoevasion /
angiogenic dormancy 
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Embolism / circulationDetachement / invasionPrimary tumour

Circulating endothelial
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Fig. 6.1. A holistic view of metastasis. Left side lists systemi-
cally acting factors that have been shown to influence the 
growth of metastases. Right side depicts the individual steps 
of metastatic spread. Tumour growth, invasion, intravasation 
and extravasation precede metastatic colonization at a distant 
site. Tumour cells may then undergo cell death or remain dor-
mant for many years, either by the inability to leave the G0 cell 
cycle state at all, by control of immune cells or, after collapse of 
the immunosurveillance, by an inability to induce angiogen-
esis. This dormancy period may be overcome when tumour 
cells accumulate advantageous genetic alterations that enable 
colonization. Tumours resuming metastatic growth have to 

induce angiogenesis in order to form a detectable metastasis 
via the secretion of cytokines. New endothelial cells do not all 
originate from neighbouring vessels. A few arrive as precursor 
bone-marrow-derived endothelial cells. Endothelial growth 
factors are not all delivered to the local endothelium directly 
from tumour cells. Some angiogenic regulatory proteins (both 
pro- and antiangiogenic) are scavenged by platelets, stored 
in alpha granules and seem to be released within the tumour 
vasculature. PDGF platelet-derived growth factor, bFGF basic 
fibroblast growth factor, VEGF vascular endothelial growth 
factor. (Figure modified from Aguirre-Ghiso 2007; Fidler 
2003; Folkman 2007)
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potential cannot be acquired late in local progression in 
rare variant cells, but should be generated early (Ber-
nards and Weinberg 2002).

6.2.2  
Studying the Precursor Cells of Metastasis

It is relatively easy to generate lists of inconsistencies 
for every current model of metastasis, in particular as 
the concepts are now challenged by the cancer stem 
cell (CSC) hypothesis (Reya et al. 2001), which adds 
as a further complication a hierarchy of tumour cells, 
generated by non-genetic mechanisms, to the progres-
sion puzzle. The CSC hypothesis assumes that only rare 
subpopulations of tumour cells are driving the growth 
and spread of malignant cancers. These tumour cells are 
thought to be derived from organ-specific stem or pro-
genitor cells and therefore are phenotypically and func-
tionally defined. As the genetics of the CSCs in compar-
ison to more differentiated and supposedly less relevant 
tumour cell populations have not yet been determined, 
concepts based on genetic data cannot yet be linked to 
this new paradigm. For all of these reasons, it is neces-
sary to bridge the gap between primary tumours and 
metastases by analysing metastatic progenitor cells. To 
detect such cells from epithelial malignancies, various 
epithelial markers have been used in organs comprising 
only cells of mesenchymal origin, such as blood, bone 
marrow or lymph nodes. Cytokeratins are the most spe-
cific and currently also the most sensitive markers to 
detect single disseminated tumour cells (DTCs) in bone 
marrow, while the epithelial cell adhesion molecule 
(EpCAM; CD326) is favoured for the analysis of DTCs 
in lymph nodes, and for the detection of circulating 
tumour cells (CTC) in the blood stream several mark-
ers are in use (Pantel et al. 2008). When cell-based 
detection systems are used, DTCs can be isolated and 
analysed.

So far, mostly genetic data have been generated and 
current knowledge about the phenotype of DTCs is very 
circumstantial. There are three reasons for this:
1. Disseminated tumour cells are extremely rare. In 

patients without clinically manifest metastases, 
only 1–2 marker-positive cells are detected in bone 
marrow or histopathologically tumour-free lymph 
nodes per one million bone marrow or lymph node 
cells.

2. Initially, it was of the utmost importance to establish 
the malignant origin of the cytokeratin- or EpCAM-
positive cells by genetic proof.

3. Phenotypic analysis of DTCs was restricted to 
double-staining approaches and therefore did not 

enable comprehensive assessment of expressed 
genes. The genomic analysis confirmed the ma-
lignant origin of EpCAM- and cytokeratin-posi-
tive cells and provided conceptually very important 
insights.

6.2.3  
Dissemination Can Be an Early 
Event in Malignant Cancers

A very puzzling observation in breast cancer patients 
without metastasis was the finding that DTCs from 
bone marrow generally display lower numbers of chro-
mosomal aberrations than the matched primary tu-
mours (Schardt et al. 2005; Schmidt-Kittler et al. 
2003). This finding was in obvious conflict with the 
Fearon and Vogelstein model predicting: (1) genetic 
changes in addition to those in the primary tumour and 
(2) metastases as being derived from the most advanced 
and dominant clone of the primary tumour. The con-
flict with the second prediction arose from the fact that 
when patients receive curative surgery and cytokeratin-
positive DTCs are detected in bone marrow the patients 
are at high risk for relapse (Braun et al. 2005). Thus, 
the survival data pointed to a high relevance of DTCs 
and made it difficult to dismiss the genetically less ad-
vanced cells as irrelevant. The failure to identify DTCs 
displaying the genetic changes of the dominant clone 
in the primary tumour indicated that either rare cells 
from the primary tumour disseminate or that the DTCs 
are derived from earlier stages of cancer development. 
The latter reasoning was supported by the observation 
that in some cases DTCs displayed completely normal 
karyotypes, although chromosomal aberrations emerge 
already in premalignant lesions. Even in these cells ge-
netic analyses with higher resolution proved the malig-
nant origin and uncovered in some cases clonal aberra-
tions shared with the primary tumours (Schardt et al. 
2005). The genetic data therefore indicated that dissem-
ination of tumour cells begins very early after transfor-
mation, a hypothesis that could recently be confirmed 
in mouse models and ductal carcinoma in situ (DCIS) 
patients (Husemann et al. 2008).

6.2.4  
Genetic Heterogeneity During Minimal 
Residual Disease

Patients without metastasis at diagnosis will eventually 
die from systemic cancer in 20–95% of cases, depending 
on the tumour type, although the primary tumours have 
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been completely resected. This high rate of treatment 
failure has put adjuvant systemic therapies into the cen-
tre of clinical attention. However, while aiming at the 
prevention of lethal metastasis by early eradication of 
DTCs, these systemic therapies are administered gener-
ally in a blind way. In current clinical practice there is 
no effort to directly analyse the target cells of adjuvant 
therapies for selection of the therapeutic regimen. In 
contrast, it is assumed that the cells will somehow re-
spond like the primary tumour cells (in drug response 
assays, using cultured primary tumour cells) or at least 
that molecular targets are identically expressed in DTCs 
as in primary tumours. The latter rationale underlies 
the HER2 analysis of primary tumours to identify pa-
tients suitable for anti-HER2-based (e.g. trastuzumab) 
therapies (Piccart-Gebhart et al. 2005; Romond 
et al. 2005). However, only 50% of the patients with 
HER2 amplification respond to adjuvant trastuzumab 
and the predictive power of primary tumour analysis is 
currently unclear. In fact, primary tumours as surrogate 
markers for therapy prediction are questionable for sev-
eral reasons:
1. As stated above, primary tumours and DTCs di-

verge genetically, not only for the number of aber-
rations, but also for their specific nature. This has 
been shown for copy number changes (Schmidt-
Kittler et al. 2003; Stoecklein et al. 2008) and 
point mutations (Klein et al. 2002).

2. During minimal residual disease, DTCs of an indi-
vidual patient are genetically very heterogeneous, at 
least in breast cancer (Klein et al. 2002).

3. Disseminated tumour cells diverge not only from 
the primary tumour but also when taken from dif-
ferent organs. A genetic comparison of DTCs from 
lymph nodes and from bone marrow in oesopha-
geal cancer patients revealed selection of differ-
ent genetic changes depending on the organ from 
which the cells were isolated (Stoecklein et al. 
2008).

4. The same genetic defect (e.g. HER2 amplification) 
had different prognostic impact when identified 
in primary tumours and DTCs. In DTCs of oe-
sophageal cancer patients, amplification of HER2 
was a strong predictor of poor outcome, while no 
prognostic role in the primary tumours could be 
established. Moreover, the presence of HER2 ampli-
fication in the primary tumours was not associated 
with its presence in DTCs (Stoecklein et al. 2008). 
From these data it can be concluded that primary 
tumours may often be poor surrogate markers for 
the genetics of DTCs and thereby for response to 
adjuvant therapies.

6.2.5  
Clonal Expansion of Disseminated Tumour 
Cells Occurs Shortly Before Manifestation 
of Metastasis

All these findings suggest that dissemination of tumour 
cells often occurs early after transformation, that the 
DTCs evolve largely independently from the primary 
tumour, and that they accumulate genetic alterations 
until they eventually grow out. In this context, it is in-
teresting that metastases display similar percentages 
of specific copy number changes as primary tumours. 
Although some genetic alterations are more frequently 
found in metastases than in primary tumours, no copy 
number changes have been found so far specific for me-
tastasis in any type of cancer. On the other hand, each 
type of cancer is characterized by a typical set of karyo-
typic abnormalities (Heim and Mitelman 1995) and 
consequently one would expect that metastases display 
similar chromosomal aberrations as primary tumours, 
although in paired analyses of primary lesions and me-
tastases, genetic differences are often striking (Kuukas-
jarvi et al. 1997; Walch et al. 2000). Thus, to date it has 
not been finally clarified whether chromosomal aberra-
tions shared between primary tumours and metastases 
indicate convergent evolution or true clonal descent. In-
terestingly, when bone marrow samples of patients with 
metastatic disease (e.g. breast cancer; Klein et al. 2002) 
or in the stage of minimal residual disease of very ag-
gressive cancers (e.g. oesophageal cancer; Stoecklein 
et al. 2008) are analysed, several individually isolated 
DTCs display very similar chromosomal aberrations, 
suggesting that shortly before manifestation of metasta-
sis clonal expansion of aggressive DTCs is taking place 
and eventually killing the patient.

6.3  
Mechanisms of Metastasis

The findings that tumour cell dissemination is an early 
step in systemic cancer progression and thus often takes 
place years before clinical manifestation of metastases 
and that DTCs may need additional genetic hits for fur-
ther progression indicate that dissemination and metas-
tasis must be differentiated. We suggest using the term 
dissemination for the processes of leaving the primary 
lesion and homing to and surviving in the new environ-
ment, and the term metastasis for the successful growth 
of a cancer cell to a clinically detectable, distant colony. 
Thereby, dissemination is necessary but not sufficient 
for lethal manifestation of metastasis, and metastatic 
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growth can occur years after successful homing to a 
distant site, possibly triggered by intrinsic and extrinsic 
factors that were not present at the time of dissemina-
tion. We will therefore summarize some insights into 
mechanisms involved at early and late stages of meta-
static progression.

6.3.1  
Homing and Survival of Tumour Cells 
at Ectopic Sites

6.3.1.1  
Paget’s “Seed-and-Soil” and Ewing’s 
“Hemodynamic” Paradigm

One of the earliest observations made by scientists, who 
were studying metastatic progression in the eighteenth 
and nineteenth centuries, was the non-random pattern 
of target organ involvement (Table 6.1). Different pri-
mary cancers showed a more or less organ-specific pat-
tern of metastasis. From these early discoveries eventu-
ally two concepts emerged that are still debated today: 
Stephen Paget’s ‘seed-and-soil’ hypothesis and James 
Ewing’s ‘hemodynamic’ hypothesis (Fidler 2003; 
Ribatti et al. 2006; Weiss 2000).

In 1889, Paget published his landmark paper where 
he proposed the ‘seed-and-soil’ hypothesis (Paget 
1889). Paget examined hundreds of autopsy records of 
women with breast cancer. His analysis revealed a non-
random pattern of metastasis in visceral organs and 

bones. Neither random scattering throughout the body 
nor dispersal through the general circulation sufficiently 
explained the observed frequencies of metastatic growth 
at the various sites. He therefore proposed that certain 
tumour cells (which he termed the ‘seed’) had specific 
affinity for the environment of certain organs (which he 
termed the ‘soil’). He concluded that metastases formed 
only when the seed finds compatible soil.

Thirty years later, James Ewing challenged Paget’s 
‘seed-and-soil’ hypothesis, and proposed that the non-
random patterns of metastasis are the consequence of 
the anatomy of the vascular system (Ewing 1928). In 
his concept, cancer cells growing at a primary site will 
enter the draining circulatory vessels and will subse-
quently be arrested with much higher chance in those 
secondary organs that are perfused by these blood or 
lymph vessels. Interestingly, both Paget and Ewing ad-
dressed the alternative explanation. While Paget was 
critical about the ‘hemodynamic’ hypothesis, dismiss-
ing that ‘remote organs ... are equally ready to receive 
and nourish any particle of the primary growth’, Ewing 
stated that ‘the predilection of metastases for particular 
organs may be due to special nutritional requirements 
dependent on the varying cell metabolism’, and thereby 
acknowledged specific microenvironmental needs of 
different types of tumours (Weiss 2000).

The fact that two distinct but not mutually exclu-
sive (see below) hypotheses were proposed based on 
the non-random distribution of metastases suggests 
that there are supporting and non-supporting find-
ings for each hypothesis (Weiss 2000). For example, 
many autopsy studies concur with the observation that 
the number of metastases is often in proportion to the 
blood flow from the primary site to the secondary or-
gan. However, one cannot neglect the cases where ei-
ther more or fewer metastases are detected at a distant 
site than suggested by blood flow alone, indicating that 
determinants of the microenvironment are relevant 
(Weiss 1992). Certain tissues, such as brain, bone or 
adrenals, are served by a very small fraction of the cir-
culatory system, but they are frequent sites of metastasis 
for certain cancers. Other organs, such as muscle, skin 
or kidneys, receive a considerable supply of blood while 
being only sporadically colonized by cancers (Ribatti 
et al. 2006). However, the strong tendency of colon can-
cer cells to metastasize to liver may be the consequence 
of the fact that cancer cells enter the portal vein, which 
drains the lower gastrointestinal tract and perfuses the 
liver. Even if circulating colon cancer cells colonize the 
liver with low efficiency only, the high number of cancer 
cells trapped in the capillary beds of the liver may en-
sure over time that some of them will start to grow into 
metastases (Weinberg 2007). Additional challenges 

Table 6.1. Preferential sites of metastasis for different types of 
carcinoma (Nguyen and Massague 2007)

tumour type Preferred metastatic sites

Breast (ER+) Bone

Breast (ER−) Visceral organs

Lung (SCLC) Different organs

Lung (NSCLC) Contralateral lung, brain, liver, 
bones, adrenals

Prostate Bone

Pancreas Liver

Colon Liver, lungs, peritoneal cavity

Ovarian Peritoneal cavity

ER oestrogen receptor, SCLC small cell lung carcinoma, NSCLC 
non-small cell lung carcinoma
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for the ‘hemodynamic’ concept of Ewing included 
some cases of lymphatic metastasis that needed to be 
explained by ‘retrograde lymphatic embolism’, a rever-
sal of lymphatic flow, due to obstruction of lymphatic 
vessels. Likewise, circulating cancer cells are often not 
trapped in capillaries of the first encountered organ, but 
appeared elsewhere. Here, the existence of arterial–ve-
nous shunts, large-bore direct connections between two 
parts of the circulatory system, was used as an expla-
nation. Finally, it was recognized that it is not easy to 
discriminate whether the delivery of cells into the target 
organ occurred through veins or arteries.

On the other hand, the ‘seed-and-soil’ hypothesis is 
in need of an adequate explanation as to why contral-
ateral metastases in paired organs, e.g. in breast or kid-
ney cancer, are unusually rare. One would expect that 
the best suited ‘soil’ for metastasizing breast or renal 
carcinoma cells is the contralateral mammary or renal 
tissue, respectively. Thus, to rescue the ‘seed-and–soil’ 
concept in the absence of contralateral metastases one 
has to postulate that the normal organ does not provide 
an optimal soil for cancer cells. Consequently, it has 
been suggested that the microenvironment of cancer 
cells at the primary lesion is different from that of the 
originating tissue and that the tumour cells that grow 
in this changed microenvironment develop the pheno-
type, which enables them to survive (Weinberg 2007). 
Moreover, migratory, ‘metastatic’ cancer cells may be 
unsuited to survive in the healthy environment of their 
tissue of orgin, in addition to not being suited to survive 
in the changed environment of the primary site.

While the rate of perfusion of an organ was rela-
tively easy to assess and thereby Ewing’s hypothesis 
perfectly testable, seed and soil factors have remained 
unknown for a long time. Recently, chemotactic fac-
tors secreted by target organs, molecules mediating 
adhesion between cancer cells and target-organ cells, 
and cellular interactions between cancer cells and en-
dothelial cells in target organs were identified as critical 
determinants (Muller et al. 2001; Weinberg 2007). It 
has also been shown that endothelial cells in different 
tissues express tissue-specific molecules on their lumi-
nal surfaces, which may interact with binding partners 
at the surface of circulating tumour cells (Pasqualini 
and Ruoslahti 1996). Interestingly, cancer cells seem 
to favour inflammatory sites and it is very possible that 
sites of chronic inflammation within the body are hos-
pitable sites for metastatic cells (Weinberg 2007).

The availability of large-scale gene expression pro-
filing has enabled further molecular insights into site-
specific metastasis. Repeated rounds of tumour cell 
injection into mice and subsequent isolation of metas-
tases from bone and lung selected patterns of expressed 

genes that supported site predilection in this model. 
Tumour cells expressing the ‘lung-colonizing’ signature 
did not home to the bone, and vice versa (Kang et al. 
2003; Minn et al. 2005). Genes upregulated in bone-
colonizing cells included interleukin-11, chemokine re-
ceptor CXCR4, connective tissue-derived growth factor 
and matrix metalloproteinase/MMP1 (collagenase 1), 
while the, and lung-colonizing cells characteristically 
expressed epidermal-growth-factor family member 
epiregulin, the chemokine GRO1/CXCL1, the matrix 
metalloproteinases MMP1 (collagenase 1) and MMP2 
(gelatinase A), the cell adhesion molecule SPARC, the 
interleukin-13 decoy receptor IL13Rα2 and the cell ad-
hesion receptor VCAM1. While the signatures can also 
be detected in some primary tumours, it is currently 
unclear whether they are indeed functionally relevant 
during the homing or outgrowth of DTCs of breast can-
cer patients. It will be interesting to see whether DTCs 
from bone marrow express the identified bone signa-
ture genes.

In summary, both Paget and Ewing identified fun-
damental principles that govern the probability of me-
tastasis at a distant site, which depends on the frequency 
with which circulating cancer cells are mechanically ar-
rested in an organ as well as the ease with which they 
are able to colonize it (Weinberg 2007).

6.3.2  
Tumour Dormancy

A major difference between mouse models of metastasis 
and the clinical course of patients is the speed at which 
metastasis manifests. In xenotransplantation experi-
ments, only a few days to weeks span the time between 
tumour cell injection and metastasis; in transgenic 
animals this period may be extended to months. In pa-
tients, tumour cell dissemination may often occur early 
after transformation of the primary lesion and therefore 
the time from homing to a distant site to manifestation 
of metastasis may, in most cases, be measured in years. 
Traditionally, a latency period after curative removal of 
the primary growth until clinical detection of metastasis 
that lasts longer than 5–6 years is termed tumour dor-
mancy (Hadfield 1954; Willis 1952). Therefore, even 
if the metastasis-founder cell disseminates the day be-
fore surgical removal of the primary tumour, it is clear 
that human tumour cells usually do not initiate meta-
static growth immediately after arrival but rest there for 
various periods of time. Our knowledge of the mecha-
nisms regulating this dark stage of cancer progression is 
currently very limited but a better understanding may 
pave ways for innovative therapeutic approaches.
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Until recently, the fact that single DTCs and micro-
metastases are difficult to detect and are extremely rare 
has hampered the study of dormancy. Therefore, cur-
rent thinking is derived from experimental models and 
extrapolation of clinical observations. Once dissemi-
nating tumour cells arrive at the distant site they may 
experience one of three fates: they may die, they may 
remain viable but quiescent or they may proliferate to 
form micrometastases (Fig. 6.1). The progression of a 
micrometastasis to a clinically manifest metastasis de-
pends at least partially on its ability to induce a blood 
supply. So, the net result of dormancy on a clinical level 
derives from the inability to start proliferation at a rate 
that exceeds apoptosis or from the failure to induce an-
giogenesis (Holmgren et al. 1995). Immune reactions 
have been proposed to control the outgrowth of DTCs. 
However, experimental evidence for tumour surveil-
lance regulating the latency period of systemic cancer is 
sparse (Aguirre-Ghiso 2007), although it was shown 
that patients with DTCs in their bone marrow had more 
memory CD4 T cells and more CD56(+) CD8 T cells 
than patients with tumour cell-negative bone marrow 
(Feuerer et al. 2001).

One explanation for prolonged latency periods after 
homing to a distant site may be provided by the genet-
ics of DTCs. As mentioned before, tumour cells do not 
disseminate in a state of full malignancy but have to ac-
quire additional genetic hits (Klein and Holzel 2006). 
The time needed to acquire such genetic hits may be 
relatively long as the majority of DTCs does not seem 
to be in the cell cycle (Pantel et al. 1993). Microenvi-
ronmental factors are likely to influence the progression 
of DTCs. Upon lodging in a non-orthotopic distant site 
DTCs must interpret the new environment, but very lit-
tle is known about these first cellular interactions and it 
can only be speculated whether DTCs home to specific 
niches. However, there is first experimental evidence 
that primary tumours secrete factors [such as vascular 
endothelial growth factor (VEGF) or placental growth 
factor (PlGF)] that mobilize hematopoietic progenitor 
cells to various metastatic sites. These hematopoietic 
progenitor cells express VEGF receptor 1, preferentially 
localize to areas of increased fibronectin (synthesized 
by resident fibroblasts) and alter the local microenvi-
ronment, which leads to the activation of integrins and 
chemokines, such as SDF-1, which eventually promote 
attachment, survival and growth of circulating tumour 
cells (Kaplan et al. 2005). Such premetastatic niches 
are thought to promote tumour progression. However, 
it has also been suggested that the microenvironment 
forces DTCs into a more differentiated state (Aguirre-
Ghiso 2007) and thereby induces dormancy.

6.3.3  
Tumour Growth at Ectopic Sites

6.3.3.1  
The need for Angiogenesis

Angiogenesis is a prerequisite for the progression of a 
metastatic colony to a manifest metastasis. As the me-
tastasis exceeds a certain size, the supply of nutrients 
and oxygen is hampered, and the end products of me-
tabolism cannot diffuse out of colony easily. It is well-
accepted that a primary tumour or metastasis can grow 
to a size of approximately 1 mm3 and obtain sufficient 
supply of oxygen and nutrients by diffusion. Tumour 
growth beyond this size demands vascularization by 
means of angiogenesis (Bohle and Kalthoff 1999). 
The development of a vascular supply is a critical step 
that has been termed the ‘angiogenic switch’ (Hana-
han and Folkman 1996). As a consequence of the 
angiogenic switch, the dormant micrometastasis down-
regulates inhibitors of angiogenesis (such as thrombo-
spondin I) and starts to express angiogenic proteins 
[e.g. basic fibroblast growth factor (bFGF) and VEGF] 
(Naumov et al. 2006).

In order to create capillary sprouts, endothelial cells 
must proliferate, migrate and penetrate stroma, usually 
attracted by factors secreted by the growing microme-
tastasis (Bohle and Kalthoff 1999). In some cases, 
endothelial progenitor cells are recruited from bone 
marrow (Naumov et al. 2006) and the newly formed 
capillaries differ in cellular composition, permeability, 
stability, and regulation of growth from normal blood 
vessels (Bohle and Kalthoff 1999; Schulz 2005). The 
induction of angiogenesis is mediated by promoting and 
inhibiting molecules secreted by both tumour and cells 
from the microenvironment (Fig. 6.1). The balance of 
these secreted factors will determine whether angiogen-
esis will occur. During expansion of the tumour mass, 
some cells will lose oxygen supply and become hypoxic. 
Hypoxia will lead to an increase of hypoxia inducible 
factor (HIF) that will upregulate synthesis of proan-
giogenic proteins (Naumov et al. 2006). The switch of 
the tumour cell into the angiogenic phenotype leads to 
overexpression of angiogenic promoters that will enable 
recruitment of extracellular matrix and endothelial and 
other cells needed for angiogenesis. The most potent 
proangiogenic factor is VEGF, which is upregulated in 
the majority of human cancers and is a negative predic-
tor of patients’ prognosis (Bohle and Kalthoff 1999). 
Other proangiogenic factors are platelet-derived growth 
factor (PDGF), bFGF and nitric oxide synthase (NOS) 
(Bohle and Kalthoff 1999; Naumov et al. 2006). 
The often observed peritumoral inflammatory reaction 
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also promotes angiogenesis through cytokines secreted 
by leukocytes (Bohle and Kalthoff 1999).

Since angiogenesis is important for the transition of 
an indolent to a malignant systemic disease, it is an at-
tractive target for anticancer therapy. Therefore, a num-
ber of angiogenesis inhibitors and antibodies have been 
developed and are either introduced in clinical practice 
or are undergoing clinical trials. Examples include be-
vacizumab, an antibody that neutralizes VEGF and 
was approved by the FDA for treatment of colorectal 
cancer, or endostatin, a broad-spectrum angiogenesis 
inhibitor targeting several positive and negative regu-
lators of angiogenesis (Abdollahi et al. 2004). Cur-
rently more than 40 new drugs whose central mode of 
action is thought to be inhibition of angiogenesis are in 
clinical testing (Folkman 2007) and we will soon know 
how effective and how robust this therapeutic approach 
will be.

6.4  
Systemically Acting Factors: Genetic 
Background, Aging and the Immune System

Perhaps the major lesson that has been learned during 
recent years is that metastasis is not a consequence of 
seeding of fully autonomous cells. There is rarely such 
thing as a fully malignant cell ready to start growing in-
dependently at the distant site upon arrival. The ability 
of a tumour to form a metastasis is influenced by many 
interacting factors and is not only a function of somatic 
events in the tumour cells, but also of the constitutional 
genetic differences between individuals, affecting the 
gene expression of tumour cells in transit and at sec-
ondary sites. Thus, our view on metastasis must become 
more holistic and not surprisingly there are already data 
showing that metastasis is influenced by systemically 
acting factors (Fig. 6.1).

6.4.1  
Metastasis and Genetic Background

Paget proposed from early on that metastasis is the re-
sult of characteristics of the seed and the soil. Clearly, 
the genetic background of each patient comprises 
information on tumour cell-intrinsic and microen-
vironmental factors influencing the manifestation of 
metastasis. Therefore, it is not surprising that there is 
a rapidly growing literature linking germ line polymor-
phisms to the emergence of metastasis. In a landmark 
experiment, it was shown that the same aggressive on-

cogene (polyoma middle T-antigen under control of a 
mammary specific promoter) in different mouse strains 
results in different rates of tumour growth and metas-
tasis-free survival of the animals (Lifsted et al. 1998). 
Moreover, a frequently used metastasis predictive gene 
signature (Ramaswamy et al. 2003) is differentially ex-
pressed between normal mammary tissue of mice with 
metastasis-prone and metastasis-reduced genetic back-
ground (Yang et al. 2005), indicating that many if not 
all of the prognostic gene expression signatures may re-
flect more the response of a genetic background to ma-
lignant transformation than the consequence of specific 
somatic mutations. In humans, genetic polymorphisms 
and haplotypes are increasingly found to be associated 
with a propensity to systemic progression that poten-
tially influence various metastatic mechanisms such 
as invasion (Sun et al. 2006), angiogenesis and stress 
response (Menendez et al. 2006), and the interaction 
with the microenvironment (Crawford et al. 2008). 
Whether systematic searches for metastasis susceptibil-
ity genes will have an impact on cancer screening and 
preventive measures has to be awaited.

6.4.2  
Metastasis, Immune System and Ageing

Individual differences in the ability of the immune sys-
tem to protect against or promote cancerous transfor-
mation or metastasis could likewise be a genetic trait. 
Currently, little is known about the role of the immune 
system in protecting specifically against systemic can-
cer spread (see above). However, for colorectal cancer, 
it was recently shown that the immune reaction at the 
tumour site determined clinical outcome regardless of 
the local extent and spread of the tumour. A weak adap-
tive immune reaction correlated with a very poor prog-
nosis even in patients with minimal tumour invasion. 
Conversely, a high density of adaptive immune cells 
correlated with a highly favourable prognosis whatever 
the local extent of the tumour and the invasion of re-
gional lymph nodes (Galon et al. 2006). As the study 
included a high number of patients representing a large 
fraction of the genetic heterogeneity of colorectal can-
cers, it is unlikely that the protective action of the im-
mune system was limited to a subset of patients with 
specific oncogenic mutations. Rather, as in colorectal 
cancer no molecular marker has ever been shown to 
outperform the TNM staging system in a similar way, 
the data apparently demonstrate the amazing capabil-
ity of the individual immune response of some patients 
to keep genetically instable tumours in check. Despite 
the phenomenon of immunoediting, i.e. selection of tu-
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mour cells with reduced immunogenicity (Dunn et al. 
2002), the beneficial effect of the adaptive immunity ap-
peared to persist throughout tumour progression from 
stage I disease to stage III disease. The data provide an 
interesting example of the coevolution of cancer and 
protective defence mechanisms, both being strongly de-
termined by the individual’s genetic constitution.

Finally, while this chapter cannot address exter-
nal influences, such as carcinogens, cancer-promoting 
agents, infections, irradiation and systemic cytotoxic 
therapies, on carcinogenesis and specifically on metas-
tasis, it should not end without mentioning one addi-
tional systemically acting factor that is likely to be the 
subject of scientific scrutiny in the coming years: ageing. 
While cancer incidence increases with age, it has also 
been noted that growth rates of breast cancers are often 
slower in older patients. This seems to be associated with 
a significant reduction of axillary lymph node metasta-
ses, vascular invasion and lymphoplasmacytic stromal 
reaction with increasing age (Fisher et al. 1997). In a 
comparison of metastatic efficiency of B16 melanoma 
cells injected into young, old and parabiotic (i.e. surgi-
cally unified old and young) mice, it was possible to di-
rectly measure the effect of age on the outgrowth of lung 
metastases. In unpaired mice, the number of metastatic 
colonies in the lungs was ten times higher in young than 
in old mice. However, in parabiotic mice, the number of 
metastases in young mice was almost comparable with 
that of unpaired young mice, while the number of me-
tastases in old mice approached the level of young mice. 
Although the number remained stable in young parabi-
otic mice, their size was reduced. In old parabiotic mice, 
almost exclusively small colonies were observed as in 
unpaired old mice. The authors concluded that in these 
experiments the implantation of early metastatic colo-
nies in the lung depends on systemic humoral factors 
while their growth is mainly dependent on local fac-
tors in the microenvironment and that both effects are 
modulated by age (HIRAYAMA et al. 1993). As there is 
growing evidence that cellular senescence in aging tis-
sues is associated with a secretory phenotype of the mi-
croenvironment that may stimulate neoplastic growth 
of epithelial cells (Campisi 2005), upcoming studies 
have to unravel the molecular changes of the aging host 
and their influence on the manifestation of metastatic 
disease in patients.
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K E Y  P O I n T S

 The humoral as well as the cellular immune  •
system play important roles in the control of 
cancer.

 Therapeutic efficacy of immunological ap- •
proaches is limited by a restricted availability 
of tumor-specific antigens. Presently cancer/
testis (CT), activation markers, differentiation, 
amplification, mutational antigens, and danger 
signals serve as tumor-associated target struc-
tures.

 The efficacy of cytokine therapies and cell- •
based approaches (T cells, dendritic cells, natu-
ral killer [NK] cells) is presently tested in pre-
clinical and in clinical trials.

 Presently, several monoclonal antibodies have  •
been approved by the US Food and Drug Ad-
ministration (FDA) for the treatment of cancer. 
The target structures of these antibodies include 
CD20 for non-Hodgkin’s lymphoma (NHL) and 
B-NHL; CD33 for CD33 positive acute myeloid 
leukemia, epithelial cell-adhesion molecule 
(EpCam) (expired 2000), vascular endothelial 
growth factor (VEGF) and epidermal growth 
factor receptor (EGFR) for colorectal cancer, 
ErbB2 (human epidermal growth factor recep-
tor 2 [HER2]) for breast cancer, and CD52 for 
B-cell chronic lymphocytic leukemia (B-CLL). 
Numerous other antibodies are currently being 
tested in clinical trials.G. Multhoff, PhD
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Abstract

This chapter elucidates immunological aspects in can-
cer therapy. For many years, the impact of the immune 
system in cancer immunity was a matter of debate. 
Nowadays, it is generally accepted that an active im-
mune system can monitor, edit, and destroy malignantly 
transformed cells in vitro and in established tumor 
mouse models. However, the capacity of the immune 
system to fight human tumors is limited, as human 
tumors are highly individual, complex, and dynamic 
systems that have the capacity to modulate anticancer 
immune responses and to affect the tumor microenvi-
ronment. Here, we describe the development of inno-
vative immunological strategies from a preclinical stage 
to clinical application. In the last decade, especially hu-
manized monoclonal antibodies (mAb) have emerged 
as promising pharmaceutical tools (“magic bullet”) for 
the treatment of cancer in combination with radio- and/
or chemotherapy. 

7.1  
Introduction

Immune homeostasis is a fine balance between the 
induction of immune responses that defend against 
foreign pathogens and the suppression of immune 
responses for the maintenance of self-tolerance to pre-
vent autoimmune diseases. Since tumor cells develop 
from the host’s own tissue they might be considered 
as being “self ” by the immune system, and this makes 
the generation of an efficient immune defense against 
cancer difficult. However, Rudolf Virchow (1863) suc-
ceeded in detecting infiltrating leukocytes in tumor 
tissues (overview in Mantovani et al. 1992). A few 
years later, William Coley (1890) associated the pres-
ence of fatal bacterial infections with the induction of 
antitumor immune responses in patients with partially 
resected tumors (Coley 1893). Based on these earlier 
findings, Paul Ehrlich postulated the “virulent capacity 
of tumors” in 1909. 

The substantial progress that has been made in the 
treatment of cancer using radio- and chemotherapy 
led to reduced attention about the involvement of the 
immune system in the control of cancer for several de-
cades. However, with an increase in the understanding 
of the molecular mechanisms of immune recognition 
and regulation came accumulating evidence that the 
immune system plays a crucial role in the control of 
cancer. Nowadays, it is generally accepted that an ac-
tive immune system can monitor, edit, and destroy ma-

lignantly transformed cells in vitro and in established 
tumor mouse models (Smyth et al. 2001; Dunn et al. 
2002). However, the capacity of the immune system to 
fight against cancer in humans is limited, as human tu-
mors are highly individual, complex, and dynamic sys-
tems, which have the capacity to modulate anticancer 
immune responses and to affect the tumor microenvi-
ronment. 

Nevertheless, correlative relationships between al-
tered immune function, tumor development, and anti-
tumor immune responses (Dunn et al. 2002, 2004) have 
been observed in spontaneous human tumors.

Spontaneous remission is defined as a complete or 
partial, temporary, or permanent disappearance of all 
or at least some relevant tumor parameters in the ab-
sence of any proven medical intervention. For a vari-
ety of different cancer entities such as colon cancer 
(Beechey et al. 1986), mammary carcinomas (Larsen 
et al. 1999), malignant melanoma (Mackensen et al. 
1994), acute myeloid leukemia (AML) (Tzankov et al. 
2001), and liver metastases of a non-small cell lung 
(NSCLC) carcinoma (Kappauf et al. 1997), spontane-
ous remissions have been documented. Furthermore, 
immunocompromised individuals such as those with 
human immunodeficiency virus (HIV) infection are 
more susceptible to lymphomas and Karposi’s sarcomas 
(Boshoff and Weiss 2002). Together with promising 
results derived from xenograft and syngeneic tumor 
mouse models, which have demonstrated the capacity 
of humoral (antibody) and cellular immune responses 
to eradicate established tumors, these findings further 
support the concept of cancer immunosurveillance or 
immunoediting (Dunn et al. 2004).

7.2  
Immune System 

The ability of the immune system to effectively respond 
to tumors is dependent on the following assumptions:

 Tumor cells differ from normal cells.•	
 The immune system can recognize these differ-•	
ences.

 The immune system is in an active state and capable •	
in generating an effective and protective immune 
response.

These prerequisites indicate that cancer immunoedit-
ing is a dynamic process that involves both the tumor 
as well as the immunocompetent effector system. The 
efficient eradication of tumors in a living organism re-
quires crosstalk between leukocytes of the innate and 
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adaptive arms of the immune system, which reside in 
different immunological compartments. It has been 
shown that the cytokine interferon-gamma (IFN-γ), 
and the cytolytic effector molecules perforin and gran-
zyme are secreted by cells of the innate and adaptive 
immune system, which contribute to the host’s immune 
defense against cancer. Following uptake into tumor 
cells, intracellular located granzyme B initiates apop-
tosis via the activation of procaspases 3, 7, 10 inactive 
cytosolic inhibitor of caspase-activated DNase (ICAD), 
and the disruption of the membrane potential of mito-
chondria, which causes the release of cytochrome c into 
the cytosol. The situation of the host’s immune defense 
is complicated by the fact that throughout evolution, 
tumors have adopted strategies to interfere with and to 
overcome the immune system. These immune escape 
mechanisms involve the downregulation of major his-
tocompatibility complex class I (MHC I) and costimu-
latory molecules, the loss of tumor-specific antigens, 
the stimulation of inhibitory receptors expressed on ef-
fector cells, the stimulation of the growth of inhibitory 
CD4/CD25 double-positive regulatory T cells (Tregs), 
and the secretion of inhibitory molecules such as ser-
pin-protease inhibitors, which interfere with the apop-
tosis cascade. For example, about 60% of metastases 
express significantly reduced levels of MHC class I on 
their cell surfaces. These findings indicate that a better 
understanding of the interaction between immune cells, 
tumor cells, and the tumor microenvironment and their 
consequences will guide the development of more effec-
tive approaches for controlling and successfully treating 
cancer.

7.3  
Tumor Markers

As mentioned earlier, a key barrier to the generation 
of protective anticancer immune responses is that, in 
contrast to pathogens, tumors are not typically seen as 
being “foreign” by the host’s immune system. It is there-
fore essential to identify and characterize tumor-specific 
antigens/peptides that can be used for the development 
of innovative immunotherapeutic strategies. Recent ap-
proaches include the serological analysis of recombinant 
cDNA expression libraries (SEREX) (Chen et al. 1997), 
differential gene expression analysis, and T-cell epitope 
cloning (TEPIC), using samples obtained from patients 
with cancer (Boon and van der Bruggen 1996; van 
den Eynde and BOON 1997). These methods have 
identified antigens that can be grouped into various cat-
egories including cancer/testis, activation, differentia-

tion, amplification, mutational antigens, danger signals 
such as membrane-bound heat shock proteins (HSPs), 
and pathogens (Table 7.1). 

7.3.1  
Cancer/Testis Antigens

The expression pattern of cancer/testis (CT) antigens in 
healthy human individuals is restricted to germline tis-
sues such as testis and placenta. Nevertheless, a high pro-
portion of melanoma, bladder cancer, lung, esophageal, 
and ovarian tumors show a surface positive phenotype 
in a lineage nonspecific fashion (Boon et al. 1997; Van 
den Eynde and Boon 1997; Old and Chen 1998). The 
expression of these antigens frequently maps to genes 
on the X chromosome. The CT antigens are also linked 
to the unique class of differentiation antigens that have 
the capacity to elicit a cellular and humoral immune 
response. Representative CT antigen members that be-
long to multigene families are summarized in Table 7.1.

7.3.2  
Activation Antigens

Mucins (MUC-1, 2, 3, 4, 11, 12, 13) are a family of 
highly glycosylated proteins that can be grouped into 
the activation antigens. They are predominantly found 
on mammary, ovarian, and pancreatic carcinomas 
(Boon and van der Bruggen 1996). Weakly glycosy-
lated members of this protein family are expressed on 
healthy epithelial cells. Membrane location of MUC-1 
and MUC-4 is achieved through a hydrophobic mem-
brane-spanning domain that mediates plasma mem-
brane retention (Singh et al. 2004). A mouse monoclo-
nal antibody (mAb) directed against CD227 is able to 
detect the membrane-bound form of MUC-1. 

7.3.3  
Differentiation Antigens

The following members of the differentiation antigens 
including tyrosinase, gp100, and Melan-A/Mart-1 are 
expressed on normal melanocytes. Prostate-specific 
antigen (PSA) is found on the cell surface of healthy 
prostate tissue. Compared with normal tissues, the ex-
pression density of these and other antigens including 
carcino-embryogenic antigen (CEA), alpha-1-fetopro-
tein, and epithelial cell-adhesion molecule (EpCam) in 
tumors is highly increased. Due to the lack of tumor-
specificity of these antigens, it is important to note that 
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an efficient immune response against these tissue-spe-
cific antigens can also affect normal tissues. One well-
known example is the destruction of normal melano-
cytes by cytotoxic Melan-A–specific T cells, which can 
cause vitiligo in the healthy skin of melanoma patients. 
A list of differentiation antigens with a high expression 
on tumors is shown in Table 7.1. 

7.3.4  
Amplification Antigens

This group of antigens is ubiquitously and widely ex-
pressed in normal tissues but highly overexpressed in 
tumor cells. Important representatives of this group 
are Her-2/neu, which is predominantly overexpressed 
on adenocarcinoma of the colon, mammary, ovarian, 

pancreatic, and lung carcinomas and p53, PRAME, and 
aldolase A, which are overexpressed in lung carcinomas 
(Coulie et al. 1999; Gure et al. 2000).

7.3.5  
Mutational Antigens

Although this group of antigens—mostly peptides—are 
ubiquitously expressed in normal tissues, they are ex-
pressed in a mutated form in many tumors. In general, 
each tumor exhibits an individual pattern of mutation, 
and the resultant antigenic profile is therefore consid-
ered as being tumor-specific and unique (Wang and 
Rosenberg 1999; Renkvist et al. 2001). Most muta-
tions are point mutations that are translated into indi-
vidually mutated proteins. Since these mutations cause 

Table 7.1. Categories of tumor-associated antigens

Antigen category Antigens

CT Melanoma associated antigen (MAGE-1, -2, -3) (Boon and van der Bruggen 1996) 
NY-ESO-1 = LAGE-1 (esophageal cancer, ovarian cancer) (Odunsi et al. 2003; Jager 
et al.1999) 
B-melanoma antigen (BAGE) 

Activation MUC-1, 2, 3, 4, 11, 12, 13

Differentiation CEA
α-1-Fetoprotein
EpCam
Tyrosinase (Brichard et al. 1993)
Melan-A/Mart-1 (Coulie et al. 1994)
Glycoprotein (gp100) (Kawakami 1995) 
PSA

Amplification Her2/neu proto-oncogen (c-erb-B2; Cheever et al. 1995)
p53 (Scanlan et al. 1998)
Preferentially expressed antigen in melanoma (PRAME)
Aldolase A

Mutational Human leukocyte antigen allele type A2 (HLA-A2)
CDK4 (Wolfel et al. 1995) 
β-Catenin (Robbins et al. 1996)
Caspase 8 (Mandruzzato et al. 1997)
Melanoma-ubiquitous mutated (MUM-1)
Mutated p53 (Gnjatic et al. 1998)

Damage signals HSP70, HSP 72, HSP 90
Gp 96

Pathogens Human papilloma virus (HPV) types 16 and 18 (Tindle 1996)
Epstein-Barr virus (EBV) (Lennette et al. 1995)
Human T-cell lymphotropic virus type I (HTLV-1; leukemia)
HHV-8
Helicobacter pylori bacteria (chronic gastritis and stomach carcinoma)
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severe changes in the activity of the encoded proteins, 
these antigens affect the oncogenic potential of the tu-
mor. Examples of mutational antigens that are found in a 
variety of different tumor entities are listed in Table 7.1. 

7.3.6  
HSPs

HSPs were firstly discovered in 1962 (Ritossa 1962) 
as a set of evolutionary conserved molecules whose 
expression is highly inducible not only by a variety of 
different stress stimuli such as elevated temperatures, 
irradiation, heavy metals, cytostatic drugs, amino acid 
analogue, glucose deprivation, oxidative stress, but also 
by inflammation or viral and bacterial infections. Under 
physiological conditions, HSPs are required for cell dif-
ferentiation and antigen processing for proper protein 
folding of nascent polypeptides, for transport of pro-
teins along membranes, and for prevention of protein 
aggregation (Morimoto 1991; Pierce 1994). In con-
trast to normal tissues, malignantly transformed cells 
such as tumors have been found to overexpress HSPs 
in the cytosol, which might cause the translocation of 
them into the plasma membrane and into the extracel-
lular milieu. Members of the HSP70 and HSP90 fami-
lies are present on the plasma membranes of a num-
ber of different tumor entities (Multhoff et al. 1997; 
Shin et al. 2003) where they act as danger signals for 
the innate (Schmitt et al. 2007) and adaptive cellular 
immune system. T cells have been found to recognize 
HSP-chaperoned immunogenic peptides that are cross-
presented by antigen-presenting cells (APCs) (Srivas-
tava et al. 1998). In contrast, natural killer (NK) cells 
have the capacity to recognize membrane-bound Hsp70 
on tumors, even in the absence of immunogenic pep-
tides. Since the corresponding normal tissues lack an 
HSP membrane expression, the presence of HSPs on 
the plasma membrane is considered as a tumor-specific 
antigen (unpublished observation). HSPs that are pre-
dominantly found on tumor cell surfaces and in the ex-
tracellular space are Hsp70, Hsp72, and a major stress 
inducible member of the HSP70 family, Gp96 (glucose-
related protein 96), an endoplasmic reticulum (ER)-re-
siding member of the HSP90 family.

7.3.7  
Pathogens

A small proportion of tumors (2–5%) are initiated by 
viral infections, which causes a transformation of hu-
man cells (Coulie et al. 1999). Human papilloma virus 

type 16 and 18 are associated with cervical carcinomas 
(Bontkes et al. 2000; Youde et al. 2000, Rudolf et al. 
2001), Epstein-Barr virus infections with Burkitt’s lym-
phomas, human T-lymphotropic virus (HTLV-1) with 
T-cell lymphomas, and human herpes virus 8 (HHV-8) 
infections with Karposi’s sarcoma. A chronic bacterial 
infection of the stomach with Helicobacter pylori has 
been associated with gastritis and with gastric tumors. 

7.4  
Preclinical Immunotherapeutic Approaches

A better understanding of the molecular basis of the 
immune homeostasis and its regulatory mechanisms 
has re-attracted many researchers to the concept of 
augmenting the antitumor responses. An emerging 
number of newly identified tumor-associated antigens 
(TAA) including differentiation, mutational, amplifica-
tion, CT, danger signals that have been identified using 
expression libraries, differential gene expression analy-
sis (Chen et al. 1997), T-cell epitope cloning (Boon 
and van der Bruggen 1996), and bioinformatics 
(Scanlan et al. 2000) have also advanced this field. The 
following section aims to summarize immunoediting 
and immunotherapeutic concepts including nonspecific 
cytokine therapies, specific antibody, and cell-based 
concepts that have been tested successfully in animal 
models. The proof of principle and the in vivo efficacy 
of some of these have already been demonstrated in first 
human clinical trials. 

7.4.1  
Cytokines

Cytokines, also termed as interleukins, lymphokines, 
or chemokines, are small (8–30 kDa) signaling proteins 
and glycoproteins that are predominantly produced by 
hematopoietic cells. Their main function is to recruit 
and stimulate the immune system against pathogens 
and to support differentiation and developmental pro-
cesses during embryogenesis. Cytokine-based immu-
nostimulation is believed to have the potential to treat 
established primary tumors and distant metastases. 
One of the earlier immunological approaches aimed 
on the broad, nonspecific stimulation of the adaptive 
(T lymphocytes) and innate (NK cells) immune system 
by the administration of high doses of recombinant in-
terleukin 2 (IL-2) (Rosenberg 1986). Large-scale pro-
duction of interferons, using recombinant DNA tech-
nology in 1983 enabled the first systematical evaluation 
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of appropriate dose, route, and schedule for application 
in humans. Meanwhile, cytokines have an established 
role in therapy of malignant melanoma and renal cell 
carcinoma as described later in this chapter.

7.4.2  
Antibodies

The development of the technology for producing mAb 
from hybridoma cells (Kohler and Milstein 1975), 
for which Kohler, Jerne, and Milstein were awarded the 
Nobel Prize in Physiology and Medicine in 1984, led to 
the hypothesis that the “magic bullet” against cancer 
has been found. Despite their high degree of specific-
ity and affinity, the development of clinically applicable 
antibodies for the treatment of cancer has proven to be 
more complex than was originally anticipated. Patients 
that had been treated with the first generation of mu-
rine mAb developed a human–anti-mouse antibody re-
sponse (HAMA) against the therapeutic agent, and this 
drastically limited the therapeutic success. Nowadays, 
therapeutic antibodies are humanized either by grafting 
CDR (complimentarity-determining regions) onto hu-
man antibodies, or by creating chimeric antibodies by 
transferring the murine Fab antigen–binding variable 
region onto a human constant Fc portion. Approval 
has already been achieved for the clinical application of 
humanized monoclonal antibodies, which are directed 
against CD20 (Rituxan, MabThera, Zenapax, Zevalin, 
Bexxar) for the treatment of non-Hodgkin’s and cu-
taneous B-cell (Kerl et al. 2006) lymphomas, CD33 

(Mylotarg) for the treatment of CD33-positive myeloid 
leukemia, CD52 (Campath, Mabcampath) for the treat-
ment of B-cell chronic lymphocytic leukemia (B-CLL), 
EpCam (Panorex) for the treatment of colorectal can-
cer, ErbB2 (Herceptin) for Her-2 overexpressing breast 
cancer, and vascular endothelial growth factor (VEGF) 
(Avastin) and epidermal growth factor receptor (EGFR) 
(Erbitux, Vectibix) for the treatment of colon carci-
noma.

Naked, unconjugated antibodies kill their tumor tar-
gets by different mechanisms including antibody depen-
dent cell-mediated cytotoxicity (ADCC) (Steplewski 
et al. 1985), complement-dependent cytotoxicity (CDC) 
(Houghton et al. 1983), and by the direct induction 
of apoptosis via death receptor targeting (Contassot 
et al. 2007). Alterations of signal transduction (Trauth 
et al. 1989), blocking of ligand-receptor interactions 
(Yang et al. 1999), and the prevention of the enzymatic 
cleavage of cell surface proteins (Baselga et al. 2001) 
can also be involved. The antibody Apomab, which is 
directed against the death receptor DR5, augments 
apoptosis of colorectal, NSCLC, and pancreatic model 
tumor cell lines by clustering of DR5 at the cell surface 
and thus stimulating a death-inducing signaling path-
way involving caspase 8 and Fas-associated cell death 
(Adams et al. 2008). Effector cells of the innate immune 
system (NK cells, monocytes, macrophages) expressing 
Fc-gamma (Fc-γ) receptors such as low (CD16)-, inter-
mediate (CD32)-, and high (CD64)-affinity Fc receptors 
can mediate ADCC after antibody binding to the tumor 
targets. Another possibility is to use antibodies as vehi-
cles to more specifically deliver toxic compounds such 

Fig. 7.1. Principles of tumor cell kill by antibodies: bispecific 
antibody-mediating effector-tumor cell interaction, naked 
antibody mediating antibody dependent cellular cytotoxicity 

(ADCC), radioactive labeled antibody mediating targeted in-
ternalization of radionuclides, and chemotherapy-labeled anti-
body-mediating targeted internalization of cytostatic drugs

Naked antibody

Tumor

Bispecific antibody

Effector
cell

Radioactive labeled antibody

Chemotherapy labeled antibody 
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as radionuclides and/or chemotherapeutics directly to 
the tumors. The principles of antibody-mediated tumor 
kill are schematically illustrated in Fig. 7.1.

Despite these promising strategies, the clinical out-
come of antibody-based therapies is still limited by a 
number of factors including their relatively short in vivo 
half-life and clearance from the host’s body, the insuffi-
cient degree of glycosylation of humanized antibodies, 
variations in the affinity and avidity of the humanized 
antibodies, and the low amount of tumor-specific or 
tumor-associated antigens.

7.4.3  
Cell-Based Therapies

Adoptive cell-transfer therapies have developed into po-
tent treatments for patients with highly immunogenic 
tumors including metastatic melanoma (Dudley and 
Rosenberg 2007). Current studies are aimed at im-
proving GMP (good manufacturer practice) methods 
for generating and administering appropriate lympho-
cyte populations in future clinical trials and improving 
the resilience of antitumor immunity in tumor patients. 

7.4.3.1  
Dendritic Cells

Dendritic cells (DCs) can be subdivided in two de-
velopmental lineages, the myeloid and the lymphoid 
(Steinman and Inaba 1999). DCs control the activ-
ity of B lymphocytes, T lymphocytes, and NK cells 
(Banchereau and Steinman 1998). As professional 
APCs, their primary task is to capture foreign antigens 
from the periphery, process and maturate them into 
peptides, and present them on MHC molecules to naïve 
T cells. In the absence of essential costimulatory signals 
that are concomitantly delivered, T-cell activation is in-
sufficient. Apart from their activating function, DCs are 
also able to tolerize the immune system against self-an-
tigens in order to avoid autoimmune reactions (Turley 
2002). The migratory capacity of DCs is regulated by 
chemokines. The expression of the chemokine receptor 
CCR7 promotes the migration of immature DCs to in-
flamed tissues and that of mature DCs to the draining 
lymph nodes, where the antigen is presented to naïve 
T cells (Sallustro and Lanzavecchia 2000). 

Although lymphodepletion by chemotherapy and 
total body irradiation can reduce the absolute num-
ber of APCs, it also has been shown to promote their 
maturation into an active state, as indicated by an 
upregulation of CD86 and MHC class II antigens in 

a mouse model (Zhang et al. 2002). Irradiation has 
also been found to stimulate secretion of the inflam-
matory cytokine IL-12 by DCs, which subsequently 
activates T cells and NK cells. The maturation of DCs 
and their capacity for antigen cross-presentation is also 
enhanced by the secretion of tumor-necrosis factor 
(TNF), IL-1, and IL-4 and by the presence of “danger 
signals” such as lipopolysaccharide (LPS) and/or HSPs 
(Asea and Stein-Streilein 1998). DCs pulsed with 
tumor lysates (Nair et al. 1997), tumor protein ex-
tracts (Ashley et al. 1997), and/or synthetic peptides 
can generate protective immunity to subsequent tumor 
challenge in tumor mouse models. The requirements 
for GMP-grade production of the cell products pres-
ently limit the applicability of this therapeutic approach 
in human patients. 

7.4.3.2  
T Cells 

The term immunosurveillance, which characterizes the 
important role of T cells in generating an antitumor 
immune response, was established in 1967 by Burnet. 
Generally, T lymphocytes can be grouped roughly into 
CD4 T helper and CD8 cytotoxic T cells. T cells, com-
posing between 60 and 80% of the peripheral blood 
lymphocyte (PBL) pool, recognize their targets via the 
T-cell receptors (TCRs), but only after primary stimula-
tion by APCs such as monocytes, macrophages, or DCs 
(Lanzavecchia and Sallusto 2001). The enormous 
heterogenicity of TCRs is obtained by variable-diver-
sity-joining gene recombination and crossover events. 
APCs present processed foreign peptides to CD8 T cells 
in the context of MHC class I and to CD4 T cells in the 
context of MHC class II molecules. As indicated above, 
an effective, long-lasting T-cell stimulation requires 
concomitant costimulation via interactions between 
essential costimulatory molecules such as B7 on APCs 
and CD28 on responding T cells.

Tumor-specific cytotoxic lymphocytes (CTL) 
play a crucial role in the immunotherapy of cancer 
(Gattinoni et al. 2006) by directly targeting and killing 
tumor cells that express appropriate antigens for which 
they are specific, whereas CD4 T cells provide help for 
these events via the secretion of pro-inflammatory cy-
tokines such as IL-2. Although IL-2 is a growth factor 
for T and NK cells, which promotes expansion and cy-
totoxic function of effector cells, it is also essential for 
the maintenance of peripheral self-tolerance (Furtado 
et al. 2002). Non-mutated self-antigens expressed by tu-
mors primarily serve as target antigens for CD8 CTLs. 
Adoptive cell transfer therapies involve ex vivo activation 
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and expansion of tumor-reactive T-cell populations that 
are then transferred into patients. Although the immu-
noreconstitution with ex vivo expanded tumor-infiltrat-
ing lymphocytes (TILs) (Wang and Rosenberg 1999) 
has shown some success, more recent data indicate that 
the adoptive transfer of TILs after non-myeloablative, 
but lymphodepleting systemic chemotherapy is supe-
rior with respect to tumor regression. It thus appears 
that the removal of the host’s immune system increases 
the efficacy of the adaptive cell transfer. One explana-
tion for this might be that the depletion reduces the 
number and activity of endogenous immunoregulatory 
T-cell populations such as CD4/CD25 double-positive 
Tregs (Ni and Redmond 2006). These cells might com-
pete with CD8 T cells for activating cytokines and/or 
the availability of APCs and thereby suppress antitumor 
immune responses. Tregs are characterized by an upregu-
lated expression of the transcription factor fork-head 
box P3 (FoxP3) protein and by a constitutively high ex-
pression of the IL-2 receptor alpha chain (CD25), the 
glucocorticoid-induced TNF-receptor related protein 
(GITR), the cytotoxic T-lymphocyte associated antigen 
4 (CTLA-4), and in the case of humans, low levels of 
CD127. A number of studies suggest that Tregs are in-
volved in the control of antitumor immune responses, 
and these cells have been shown to accumulate in tumor 
lesions, where they inhibit the function of tumor infil-
trating cytotoxic T cells (Antony et al. 2005). However, 
in addition to Tregs (Zhang et al. 2005), CD11b+Gr1+ 
myeloid suppressor cells (MSCs), NK cells, and natu-
ral killer T (NKT) cells (Kronenberg 2005) have been 
found to exert immunosuppressive functions. Apart 
from the arginine metabolism, the exact mechanisms of 
action of these cells have yet to be elucidated (Bronte 
and Zanovello 2005). Another reason could be that 
homing of lymphocytes is improved following deple-
tion of the host’s immune cells.

7.4.3.3  
nK Cells

NK cells, also formerly termed large granular lympho-
cytes (LGLs), are specialized cells of the innate immune 
system that exert their function against pathogen-in-
fected and tumor cells as a first line of defense. NK cells, 
which compose about 5 to 20% of circulating lympho-
cytes (Trinchieri 1989), can stimulate the immune sys-
tem indirectly by the release of high amounts of IFN-γ, 
or mediate a direct cytotoxic response via the secretion 
of perforin and granzymes or via FAS–FAS ligand in-
teraction. The discrimination of self and non-self by 

NK cells is regulated by a fine balance of activating (short 
intracellular immunoreceptor tyrosine-based activation 
motifs [ITAM]) and inhibiting (long intracellular im-
munoreceptor tyrosine-based inhibition motifs [ITIM]) 
receptors. These receptors can be grouped into the fol-
lowing main receptor families: immunoglobulin like re-
ceptors with specificity for HLA alleles; C-type lectin re-
ceptors NKG2D, CD94, NKG2A, NKG2C; and natural 
cytotoxicity receptors (NCRs) NKp30, NKp44, NKp46. 
The cytokines IL-2 and IL-15 are crucial to the survival, 
expansion, and differentiation of NK cells (Koka et al. 
2003). NK cells play key roles in the crosstalk between 
the innate and adaptive immunity (Degli-Esposti 
et al. 2005; Pulendran and Ahmed 2006). Knockout 
mice for recombinant activating gene 2 (RAG-2), perfo-
rin, interferon gamma, or STAT-1 or NK deficient mice 
are more susceptible to the development of tumors than 
their wild-type counterparts (Dunn et al. 2004; Smyth 
et al. 2001 b). NK cells kill their susceptible targets by 
releasing cytotoxic granules containing granzymes and/
or perforin via interactions with death-inducing ligands 
(TRAIL, FAS ligand) through the secretion of inflam-
matory cytokines (IFN-γ, TNF-α), and T-cell recruiting 
chemokines such as RANTES, MIP1-α, MIP1-β), and 
via antibody dependent cellular cytotoxicity (ADCC) 
(Smyth et al. 2001a; Robertson 2002). In contrast, 
cytokines such as IL-2, IL-12, IL-15, IL-18, IL-21, IL-
23, and IL-27 augment NK cell–mediated tumor activi-
ties (Ma et al. 2006a; Smyth et al. 2004). Remarkably, 
alloreactive NK cells have been shown to prevent graft 
versus host disease (GvHD) by eliminating the recipi-
ent antigen-specific DCs in a mouse acute myelogenous 
leukemia (AML) model system (Ruggeri et al. 2002; 
Miller et al. 2005). 

7.4.4  
mAbs

mAbs, targeting tumor-specific antigens, can initiate 
ADCC via their Fc part and with the help of activated 
NK cells, macrophages, granulocytes, and the comple-
ment system. Experimentally, mAbs such as trastu-
zumab, rituximab, and anti-EGF receptor have been 
shown to induce ADCC. Macrophages and granulo-
cytes express both activating and inhibitory Fc recep-
tors, whereas NK cells present only the low affinity ac-
tivating Fc-γ receptor (CD16). The interaction of NK 
cells with Fc-γ ligand initiates the release of IFN-γ, 
TNF-α, and T-cell-recruiting chemokines. This release 
can be enhanced by the addition of pro-inflammatory 
cytokines such as IL-2 and IL-15 (Parihar et al. 2002). 
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Other approaches for enhancing antibody-mediated 
NK cell activity involve the use of oligodeoxynucle-
otides (ODN) containing unmethylated CpG motifs, 
which mimic bacterial DNA. The Toll-like receptor 9 
(TLR-9) has been identified as the receptor for CpGs 
by TLR-9 knockout mouse systems. The use of bacillus 
Calmette-Guerin (BCG) (Brandau et al. 2001; Sutt-
mann et al. 2006) as an adjuvant is another method for 
a nonspecific stimulation of NK cells via the secretion 
of IL-12 and IFN-γ by monocytes. More recently, de-
fensins, a family of cysteine-rich cationic polypeptides 
that are constitutively expressed by epithelial cells, have 
been found to attract immature DCs and thus induce 
signaling through TLR-4. The presence of NK cells and 
CD8-positive T cells is a prerequisite for their antitumor 
activity (Ma et al. 2006b). Last, but not least, HSP70 or 
peptides derived thereof, acting as classical danger sig-
nals, have been found to activate NK cells against Hsp70 
membrane–positive cancer cells in vitro (Gastpar et al. 
2005), in tumor mouse models (Stangl et al. 2006), 
and in a clinical phase I trial (Krause et al. 2003). The 
mechanism of tumor cell lysis has been characterized as 
a perforin-independent, granzyme B-mediated apopto-
sis (Gross et al. 2003).

7.5  
Role of Immunotherapy in Clinical Practice

From the large pool of potential immunotherapeu-
tics until today, only a few have made their way to clin-
ical application. This section summarizes the clini-
cally relevant immunotherapies in their typical fields of 
application.

7.5.1  
Malignant Melanoma

Immunotherapy has a long history in malignant mela-
noma, which is considered a highly immunogenic tu-
mor. However, two large trials testing the efficacy of 
adjuvant IFN-γ showed no advantage for patients with 
high-risk primary tumors or lymph node metastases 
(Southwest Oncology Group [Meyskens et al. 1990]; 
European Organization for Research and the Treat-
ment of Cancer, unpublished). A phase II study on 
IFN-β as an adjuvant for melanoma demonstrated pos-
sible advantages and led to the initiation of a random-
ized study whose results have not been published so far. 
IFN-α is the first substance that has shown a significant 
advantage in prospective randomized trials. IFN-α2a 
and IFN-α2b differ by two amino acids and can be re-
garded as equivalent on the basis of their effectiveness. 
Low-dose IFN-α (3 million IU subcutaneously, three 
times weekly for 18–24 months) should be offered all 
patients with primary melanoma thicker than 1.5 mm 
and no indication of lymph node involvement, on the 
basis of three studies that showed a significant increase 
in the recurrence-free survival time (Grob et al. 1998; 
Pehamberger et al. 1998; Cameron et al. 2001).

A variety of randomized studies with different IFN-α 
dosages as an adjuvant has been conducted in patients 
with lymph node metastases. The clearest results are 
available for IFN-α2b, using a high-dose regimen (ini-
tiation: 20 million IU/m2 intravenously daily day one to 
five every week for 4 weeks, maintenance: 10 million IU/
m2 subcutaneously three times weekly for 11 months). 
The first prospective randomized study showed an in-
cidence in the recurrence-free survival prolonging dis-
ease free and overall survival (Kirkwood et al. 1996). 

Table 7.2. IFN-α in malignant melanoma

treatment 
concept

tumor extension scheme effect

Adjuvant Primary tumor >1.5 mm thickness, no lymph 
node involvement, R0 resection

Low dose Prolonged RFS

Positive lymph nodes, R0 resection High dose Prolonged RFS
Prolonged DFS
Prolonged OS

Palliative Inoperable recurrent tumor
Metastasized tumor (stage IV)

IFN-α combined with chemo-
therapy

Objective response 
Unchanged OS

RFS recurrence free survival, DFS disease free survival, OS overall survival
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A follow-up confirmatory trial testing high-dose IFN vs. 
lower-dose IFN vs. observation was not able to confirm 
the earlier results (Kirkwood et al 2000). A third trial 
comparing high-dose IFN vs. a vaccine was terminated 
early because a clear disease-free and survival advantage 
for the IFN arm was evident early. On the other hand, 
IFN treatment was associated with higher toxicity com-
pared with the vaccine arm (Kirkwood et al. 2000).

Based on these studies, IFN-α was introduced as stan-
dard adjuvant therapy for stage III resected melanoma. 
However, toxicity remains an issue. Flu-like syndromes 
including fever, chills, headache, malaise, myalgias, ar-
thralgias, and fatigue acutely occur during therapy with 
interferons and diminish over time with continued daily 
or alternate daily administration. Vigorous hydration is 
essential, as patients tend to become dehydrated. 

Inoperable recurrent tumors, inoperable regional 
metastases, and distant metastases (stage IV) are the 
major indications for systemic chemotherapy and 
chemoimmunotherapy in malignant melanoma. Many 
studies have evaluated the effectiveness of cytokine 
monotherapy in patients with advanced disease. Both 
IFN-α as well as IL-2 can achieve remission rates com-
parable with that of cytostatic agents (Keilholz et al. 
1997). Treatment with IL-2 resulted in prolonged com-
plete remissions in 5% of patients (Dillman et al. 
1997). The combination of cytostatic agents and cyto-
kines leads to an increase in the objective response rate 
similar to polychemotherapy, but no improvement of 
overall survival (Falkson et al. 1998; Bajetta et al. 
1994; Smith et al. 1992). The tolerability of chemother-
apy is reduced by IFN-α as well as by IL-2. As treatment 
in such situations is primarily palliative, the effect of 
any regimen on the quality of life must be carefully con-
sidered. As a first-line treatment, single-agent therapy is 
recommended, as polychemotherapy or biochemother-
apy do not show significant advantages for prolongation 
of survival and are more toxic (Table 2.2). 

Peptide immunization, vaccination with dendritic 
cells and hybrid vaccines, adoptive transfer of T cells, 
and immunization with naked and packaged DNA have 
been tested in phase I studies only and should only be 
used in clinical trials (Garbe et al. 2008).

7.5.2  
Renal Cell Carcinoma

Metastatic renal cell carcinoma (RCC) has been notori-
ously resistant to conventional chemotherapy. In the 
early 1980s, the observation of spontaneous remissions 
in RCC led to a search for therapeutic agents with 
potential to improve the immunologic response against 

RCC tumor cells. Early trials used in vitro stimulation of 
T cells with IL-2 to produce lymphokine-activated killer 
(LAK) cells that were co-administered with high-dose 
IL-2. However, it was later recognized that the therapeu-
tic effect resided predominantly with high-dose IL-2, 
and the use of LAK cells was abandoned (Rosenberg 
et al. 1993). However, the utility of high dose IL-2 is 
limited by its toxicity. Side effects include fever, chills, 
lethargy, diarrhea, nausea, anemia, thrombocytopenia, 
eosinophilia, diffuse erythroderma, hepatic dysfunc-
tion, confusion, and in approximately 5% of patients, 
myocarditis. IL-2 can lead to a capillary leak syndrome, 
leading to fluid retention, hypotension, and respira-
tory distress syndrome. Early high-dose studies were 
associated with 2–4% mortality. These patients require 
intensive supportive care. Mortality rates could be 
decreased to less than 1% in experienced treatment 
centers.

In spite of toxicity, the response to high-dose IL-2 
treatment in metastatic RCC may be spectacular with 
long-lasting CRs in individual cases. However, overall 
responses are achievable in only about 20% of patients, 
and complete long-lasting responses occur in only 
about 5% (Fyfe et al. 1995). In a National Institutes of 
Health trial that randomized patients to receive high-
dose IL-2 or a dose that was 10 times lower, a signifi-
cantly higher response rate with high-dose IL-2 than 
with low-dose intravenous IL-2 (21 versus 13%) was 
seen, but no overall survival difference and a higher 
morbidity as anticipated were found (Yang et al. 2003). 
This was confirmed in a multi-institutional phase III 
trial testing intravenous high-dose IL-2 or low-dose 
subcutaneous IL-2 plus IFN-α (response rates were 
23.2 vs. 9.9%), while there was no significant difference 
in overall survival (17 vs. 13 months). As expected, 
there were more grade 3 and 4 toxicities in the high-
dose IL-2 arm (McDermott et al. 2005). It can be 
concluded that high-dose IL-2 is an acceptable therapy 
for patients with little or no comorbidities and excel-
lent performance status, for whom the possibility of 
long-term CR is worth the complexity, risk, and acute 
toxicity of the treatment. How to best sequence or 
combine IL-2 with newer drugs is unknown. In phase 
II studies, recombinant IFN-α was reported to induce 
response in RCC in up to 29% of cases. However, in 
contrast to IL-2, IFN-α alone has no curative potential, 
and CRs are rare and of short duration. In a random-
ized trial comparing IFN-α with medroxyprogesterone 
acetate, IFN-α treatment was associated with a longer 
survival time, although the benefit was minimal (me-
dian survival time, 8.5 versus 6 months), and patients 
treated with IFN-α had a lower quality of life (Medical 
Research Council 1999).
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A large study of 425 patients evaluated the activity 
of low-dose IL-2 in combination with IFN-α, as well as 
each agent alone. IFN-α or IL-2 alone had low response 
rates, but the response rate for the combination was sig-
nificantly higher (p < 0.01), with significantly improved 
1-year event-free survival (p = 0.01). However, no differ-
ence in overall survival was seen (Negrier et al. 1998).

In the future, new biologic agents might play a more 
important role than unspecific immunomodolators 
in RCC. Seventy-five percent of all RCC are clear-cell 
RCC. These are characteristically associated with loss of 
function of the von Hippel-Lindau (VHL) gene, resem-
bling a constitutively activated hypoxic response result-
ing from upregulation of the hypoxia factor (HIF). HIF 
activation results in upregulation of genes encoding 
VEGF, transforming growth factor (TGF), Met, stromal 
cell-derived factor (SDF)-1 and chemokine receptor 
CXCR4, among others. 

Small-molecule multikinase inhibitors that target 
VEGF receptors (sunitinib and sorafenib) have a favor-
able toxicity profile and can prolong time to progres-
sion and preserve quality of life when used in newly 
diagnosed or previously treated patients. Lately, suni-
tinib malate has been shown to be more effective than 
IFN-α in a large multicenter phase III trial (median 
progression-free survival 11 vs. 5 months) (Motzer 
et al. 2007). 

IFN-α does not improve survival or relapse-free sur-
vival as an adjuvant. A phase III study treating patients 
with pT3-4a and/or node-positive RCC was not able to 
show a benefit of low dose IFN-α given daily for 5 days 
every 3 weeks for up to 12 cycles compared with post-
operative observation (median survival 7.4 years in the 
observation arm and 5.1 years in the treatment arm, me-
dian recurrence-free survival 3.0 years in the observa-
tion arm and 2.2 years in the interferon arm) (Messing 
et al. 2003). Also, a similar study using high dose IFN-α 
showed no benefit (Clark et al. 2003). Those results were 
confirmed in a prospectively randomized clinical trial to 
investigate the role of adjuvant immunochemotherapy 
in high-risk patients with RCC. Two hundred and three 
RCC patients were stratified into three risk groups: pa-
tients with tumor extending into renal vein/vena cava 
or invading beyond Gerota’s fascia (pT3b/c pN0 or pT4 
pN0), patients with locoregional lymph node infiltra-
tion (pN+), and patients after complete resection of tu-
mor relapse or solitary metastasis (R0). There was no 
relapse-free survival benefit, and the overall survival was 
inferior with an adjuvant 8-week-outpatient, sc-rIL-2/
sc-rIFN-α2a/iv-5-fluorouracil (5-FU)–based immuno-
chemotherapy compared with observation (Atzpodien 
et al. 2005). In summary, there is no role for immuno-
modolators in the adjuvant treatment of RCC.

7.5.3  
Hematologic Malignancies

IFN is an effective treatment in hairy cell leukemia 
(Quesada et al. 1986). Nine complete and 17 partial 
responses were documented by bone marrow core bi-
opsies. Peripheral blood hematologic indices improved 
or normalized in all patients. Previously untreated pa-
tients showed significantly higher complete remission 
rates than did patients who had undergone splenec-
tomy. Therapy was well tolerated, and most patients ex-
periencing tumor remission also reported an improved 
quality of life. Another study found similar results in a 
small population of patients, with an overall response 
rate of 93% (Foon et al. 1986). On IFN treatment, pe-
ripheral blood counts returned to normal levels. This 
study also assessed NK cell activity and immunologic 
surface markers, and noted normalization of both pa-
rameters after therapy. Today, new nucleoside analogs 
show better results. Yet, IFN-α is still the first option 
in recurrences or if there are contraindication against 
nucleoside analogs.

A significant survival benefit of more than 89 
months in a phase II trial in patients with chronic my-
elogenous leukemia suggests that IFN is effective in this 
disease as well (Allan et al. 1995; Ohnishi et al. 1995). 
This survival advantage was independent of cytogenetic 
improvement with IFN, which was also noted. 7 to 8% 
of the patients showed complete remission with IFN-α 
monotherapy. Guilhot et al. (1997) were able to show 
better results with combinations of IFN-α and cytosina-
rabinoside.

In non-Hodgkin’s lymphoma (NHL), post–stem cell 
transplant IL-2 has shown activity. Low-dose IL-2 was 
also evaluated in combination with histamine, but no 
differences in response were observed compared with 
IL-2 alone. 

7.6  
Clinical Use of mAbs

7.6.1  
naked Antibodies

More than 200 mAbs have been tested in clinical stud-
ies, but the number of clinically relevant antibodies re-
mains limited (Table 2.3). The first mAb that received 
US Food and Drug Administration (FDA) approval 
is rituximab, which is a chimeric antibody directed 
against the surface antigen CD20 on B lymphocytes, 
expressed on most B-cell NHL and subtypes of acute 
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lymphatic leukemias (ALL). In combination with poly-
chemotherapy, rituximab is used for primary therapy of 
follicular NHL and diffuse large B-cell NHL as well as 
for maintenance therapy in recurrent follicular B-NHL 
after successful induction chemotherapy. Chemoim-
munotherapy with rituximab is standard in therapy of 
primary and recurrent mantle cell lymphoma (Tobinai 
et al. 2006; ToBinai 2007). Rituximab might also be 
successful in combination with chemotherapy in CLL 
and in Burkitt’s lymphoma, improving progression-free 
and overall survival.

Alemtuzumab is a humanized antibody directed 
against CD52 on B and T lymphocytes, and monocytes, 
macrophages, eosinophilic granulocytes, and NK cells. 
It is approved for clinical application in fludarabine-re-
fractory CLL. In those patients, remission rates of 40% 
can be achieved. Interestingly, alemtuzumab has been 
shown to be especially effective for bone marrow mani-
festations of CLL. The role of alemtuzumab in primary 
therapy of CLL is not yet clear. Further studies will 
evaluate whether the efficacy of alemtuzumab in recur-
rences can be enhanced. Promising results were seen 
with alemtuzumab-chemoimmunotherapy in periphery 
T-cell lymphoma (Ravandi and O’brien 2006). In con-
trast to rituximab, therapy with alemtuzumab is accom-
panied by heavier infusion-associated complications 
such as fever, shivering, dyspnea, or exanthema, and a 
higher rate of infectious complications. 

Metastasized human epidermal growth factor recep-
tor 2 (HER2)-expressing breast cancer treatment was 
the first indication for trastuzumab, a HER2-specific 
humanized monoclonal antibody. HER2 is a receptor 
tyrosine kinase of the EGFR family that is overexpressed 

in 25–30% of all breast cancer patients. Overexpression 
of HER2 leads to enhanced cell proliferation. A phase III 
study combining trastuzumab with first-line chemother-
apy showed prolonged progression-free and overall sur-
vival (Lin and Rugo 2007). It has also been approved as 
monotherapy for chemotherapy refractory metastasized 
breast cancer (Ligibel and Winer 2002). In addition, 
efficacy of adjuvant chemotherapy can be significantly 
enhanced by trastuzumab (Colomer 2005). 

The chimeric mAb cetuximab is directed against 
EGFR. EGFR plays an important role in pathogenesis 
and progression of solid tumors such as colorectal can-
cer, NSCLC, and head and neck tumors. Binding of 
cetuximab to EGFR hinders the activation of intracel-
lular tyrosine kinases and the following signal transduc-
tion pathway. The antibody also induces direct lysis of 
the tumor cells. A multicenter phase II study (BOND-1) 
was able to show that combination of irinotecan with 
cetuximab could overcome irinotecan resistance. In 
23% of the patients, tumor remission, and in 30% stable 
disease was reached (Saltz 2005). Cetuximab is now 
used for therapy of metastasized colorectal carcinoma 
in combination with irinotecan after progression with 
irinotecan monotherapy. In a phase III study of locally 
advanced head and neck tumors, the combination of 
cetuximab with radiotherapy significantly prolonged 
survival (Bonner et al. 2007). In metastasized NSCLC, 
a phase II study showed that combination of cisplatin, 
vinorelbin, and cetuximab leads to a significant survival 
benefit compared with chemotherapy with cisplatin and 
vinorelbin alone (Lilenbaum 2006). 

Bevacizumab is a VEGF-specific humanized mAb. 
Binding to VEGF inhibits tumor angiogenesis. It is ap-

Table 7.3. mAbs in clinical use

Generic name target antigen structure Application

Rituximab CD20 Chimeric IgG-1κ B-NHL
Mantle cell lymphoma
CLL
B-precursor ALL

Alemtuzumab CD52 Humanized IgG-1 κ CLL
Peripheral T-cell lymphomas

Trastuzumab HER2 Humanized IgG-1 κ Breast cancer

Cetuximab EGFR Chimeric IgG-1 κ Head and neck cancer
Colorectal carcinoma
NSCLC

Bevacizumab VEGF Humanized IgG-1 κ Colorectal carcinoma
NSCLC

IgG immunoglobulin G
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proved in combination with irinotecan and 5-FU for 
first-line therapy of metastasized colorectal carcinoma. 
Patients with contraindications for irinotecan can be 
successfully treated with 5-FU and bevacizumab. In 
primary therapy of advanced NSCLC, the addition of 
bevacizumab to carboplatin and paclitaxel leads to en-
hanced progression-free and overall survival (Sandler 
et al. 2006; Lyseng-Williamson and Robinson 2006). 
Contraindications are squamous cell histology and brain 
metastases because of enhanced risk of heavy bleeding.

7.6.2  
Radioimmunoconjugates

With the help of immunoconjugates, cytotoxic sub-
stances such as radioisotopes, cytokines, enzymes, or 
toxins can specifically be targeted to the tumor cells 
by the monoclonal antibody. Only two radioimmuno-
conjugates have approval for therapy, 90Y–ibritumomab 
tiuxetan and 131I-tositumomab. Both are directed against 
CD20 and are used for recurrent or refractory follicu-
lar B-NHL after therapy with rituximab. The radioim-
munoconjugates might also be successful in therapy of 
transformed follicular NHL and primary diffuse large 
cell B-NHL.
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K E Y  P O I n T S

 Screening, i.e., testing for a condition when the  •
person has no recognized signs or symptoms 
of that condition, can only be justified if an in-
crease in overall survival or other important 
endpoints related to disease complications and 
symptoms can be demonstrated. In addition, 
there must be a treatment for the disease that 
is more effective when applied to screening-de-
tected cancers than clinically detected cancers. 
People with positive screening tests usually un-
dergo confirmatory examinations to determine 
whether the condition is present.

 Physical examination and endoscopy, with or  •
without cytology and biopsy, are still mainstays 
of cancer detection.

 The use of classical serum tumor markers, e.g.,  •
for screening of breast, lung, or bowel cancer, 
has largely failed. Unanswered questions still 
remain about the pros and cons of prostate-
specific antigen measurements.

 Advances in proteomic technologies have cre- •
ated tremendous opportunities for biomarker 
discovery and biological studies of cancer. 
Early results are presented here.

 The paradigm of vaccination against virus- •
induced cancers or precancerous lesions has 
been corroborated in clinical trials, e.g., in cer-
vical cancer.
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8.1  
Introduction

This chapter contains a brief discussion of cancer pre-
vention and early detection strategies, and addresses 
some of the controversies around recent clinical trials. 
It is meant to provide a guide to more detailed reviews 
for the interested reader rather than summarizing these 
topics in a comprehensive fashion. As treatment of ad-
vanced malignant diseases still results in less satisfactory 
results than treatment of early-stage disease, the need 
for reducing the number of patients diagnosed in ad-
vanced or incurable stages is obvious. Also, in terms of 
aggressiveness of treatment, side effects, quality of life, 
and other aspects of cancer survivorship, less aggres-
sive or intense treatment will result in many advantages. 
This will also impact on several economical aspects of 
treatment, even if the cost of cancer screening and/or 
prevention must be balanced against the cost reduction, 
i.e., the net health benefits must come at a reasonable 
cost. Other important aspects that often fuel the discus-
sion include the potential harm and damage associated 
with, for example, cancer screening (false-positive re-
sults, treatment of biologically insignificant lesions that 
would never threaten the patient’s life, and so on). This 
leads to the search for tailored strategies targeting pop-
ulations that are at higher than average risk and result-
ing in improved health outcomes.

Reducing the number of patients diagnosed with 
malignant diseases and the number of cancer survivors 
that eventually develop second primary tumors after 
effective initial treatment is an important goal of cur-
rent anticancer strategies (Ng and Travis 2008). This 
requires detailed knowledge about carcinogenesis and 
risk factors for cancer development and progression in 

order to tailor effective prevention programs. Dietary 
interventions, smoking cessation, increased physical 
activity, and pharmacologic interventions based on 
rational targets are among the strategies studied so far 
(Shaipanich et al. 2006; Prentice et al. 2007; Lanza 
et al. 2007; Thompson et al. 2007; Van Adelsberg et 
al. 2007; Wilt et al. 2008). In addition, achieving early 
diagnosis of curable tumors will reduce the need for 
more aggressive, but nevertheless less effective, treat-
ment of advanced tumors. The potential implications, 
e.g., in terms of cost-reduction, quality of life, role func-
tioning, and so forth, are obvious. It would, however, be 
naïve to believe that development of cancer prevention 
and early detection programs that try to target popula-
tions at higher than average risk, and spare the poten-
tial disadvantages to as many people as possible, is less 
complicated and time-consuming than development of 
more effective and less toxic therapeutic strategies. One 
must not forget that screening can only be justified if 
an increase in overall survival or other important end-
points related to disease complications and symptoms 
can be demonstrated (Myers et al. 2007). In addition, 
there must be a treatment for the disease that is more ef-
fective when applied to screening-detected cancers than 
clinically detected cancers.

8.2  
Some Issues Around Cancer Prevention

One of the first seminal papers that reported a clinical 
cancer prevention trial was published in 1981 (Peto et 
al. 1981). Since then, and based on current concepts of 
cancer initiation and progression, numerous nutritional 
and pharmacologic approaches have been studied, in-
cluding radical scavengers, enzyme inhibitors, immune 
modulators, inflammation inhibitors, and DNA repair 
modulators. In addition, the paradigm of vaccination 
against virus-induced cancers or precancerous lesions 
has been corroborated in clinical trials, e.g., in cervical 
cancer (Paavonen et al. 2007; Herzog et al. 2008; Ko-
shiol et al. 2008; Myers et al. 2008). Helicobacter py-
lori screening and treatment is a recommended gastric 
cancer risk-reduction strategy in high-risk populations 
(Fock et al. 2008). One of the direct and indirect lessons 
learned from unsuccessful studies is that cancer biology 
is more complex than previously thought, and that the 
outcome of prevention trials might be less predictable 
than anticipated (Arber and Levin 2008; Bardia et 
al. 2008; Zhang et al. 2008). No clear recommendation 
can be given for the use of statins or antioxidants at this 

 One of the direct and indirect lessons learned  •
from unsuccessful cancer prevention studies is 
that cancer biology is more complex than previ-
ously thought, and that the outcome of preven-
tion trials might be less predictable than antici-
pated, both with regard to efficacy and toxicity 
of some of the agents studied so far. Whether 
different targets can be utilized to provide the 
right intervention for the appropriate high-risk 
group in a given type of cancer is currently be-
ing examined in the next generation of clinical 
trials.
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time (Bonovas et al. 2007, 2008; Bardia et al. 2008), 
yet uncertainty exists as to whether previous studies 
were optimal with regard to dose and timing of the in-
tervention. Nevertheless, important and relevant targets 
for cancer prevention continue to exist. Whether these 
targets can be utilized to provide the right intervention 
for the appropriate high-risk group in a given type of 
cancer is currently being examined in the next genera-
tion of clinical trials (e.g., dutasteride in prostate cancer, 
and various calcium or vitamin D studies). Such trials 
will also need to address the role of potential confound-
ers, e.g., interactions of the test drug(s) with other con-
comitant medications as discussed in the recent report 
by Ding et al. (2008).

8.3  
Tumor Detection by Serum Markers

The use of classical tumor markers, such as carcinoem-
bryonic antigen, squamous cell carcinoma antigen, and 
neuron-specific enolase, to name just a few, for screen-
ing and early detection of common malignant tumors, 
e.g., lung and breast cancer, has largely resulted in dis-
appointing results. A helpful marker would separate the 
population, which has no recognized signs or symptoms 
of the malignant disease the test is supposed to detect, 
into two different groups either having or not having the 
disease, e.g., lung cancer. Ideally, false-negative or false-
positive results would not exist. Such highly accurate 
results typically are not seen; thus, problems with over-
diagnosis and overtreatment might be the consequence. 
In addition, common malignant diseases, such as lung 
or breast cancer, are tremendously heterogeneous both 
on a histologic and molecular level. It is not the aim of a 
test to detect a lesion that would never progress to a clin-
ically meaningful condition, e.g., invasive cancer. Pros-
tate-specific antigen (PSA) has increasingly been used 
for prostate cancer screening in recent years in addition 
to digital rectal examination (Roobol et al. 2007). The 
low positive predictive value of elevated PSA results in 
large numbers of unnecessary prostate biopsies (Lilja 
et al. 2008; Margreiter et al. 2008); thus, the benefits 
of prostate cancer screening in average-risk men are not 
clear. Controversy exists also about screening in elderly 
men. Shared decision making, i.e., informing men of 
the pros and cons, is often recommended. In a cohort 
of 740 men in Göteborg, Sweden, undergoing biopsy 
during the first round of the European Randomized 
study of Screening for Prostate Cancer, a not-only-PSA-
based approach was evaluated (Vickers et al. 2008). It 

included additional kallikreins and suggests that mul-
tiple kallikrein forms measured in blood can predict 
the result of biopsy in previously unscreened men with 
elevated PSA. A multivariable model can determine 
which men should be advised to undergo biopsy and 
which might be advised to continue screening, but defer 
biopsy until there was stronger evidence of malignancy. 
The American Cancer Society guidelines have recently 
been published by Smith et al. (2008). They also address 
screening for breast, colorectal, cervix, and endometrial 
cancer. Besides PSA, no other serum tumor marker is 
mentioned in the guidelines.

Advances in proteomic technologies have created 
tremendous opportunities for biomarker discovery and 
biological studies of cancer (Gräntzdörffer et al. 
2008; Hanash et al. 2008). The probability that pro-
teomics will impact clinical practice is currently greater 
than ever, but there remain several obstacles in making 
this a reality. Yet, some encouraging preliminary experi-
ence has been reported. Proteomic expression profiling 
has, for example, recently been studied in breast cancer 
(De Noo et al. 2006a). In a randomized block design 
pre-operative serum samples obtained from 78 breast 
cancer patients and 29 controls were used to gener-
ate high-resolution MALDI-TOF protein profiles. The 
spectra generated using C8 magnetic-beads-assisted 
mass spectrometry were smoothed, binned, and nor-
malized after baseline correction. Linear discriminant 
analysis with double cross-validation, based on princi-
pal component analysis, was used to classify the protein 
profiles. A total recognition rate of 99%, a sensitivity 
of 100%, and a specificity of 97% for the detection of 
breast cancer were shown. The area under the curve of 
the classifier was 98%, which demonstrates the separa-
tion power of the classifier. Although preliminary, the 
high sensitivity and specificity indicate the potential 
usefulness of serum protein profiles for the detection of 
breast cancer. Almost identical results were found in a 
small group of patients with colorectal cancer (De Noo 
et al. 2006b).

8.4  
Tumor Detection by Other Tests

Physical examination and endoscopy are still mainstays 
of cancer detection, e.g., in the gastrointestinal (GI) 
tract, the skin, and the lower urogenital tract (Gupta 
et al. 2008; Palka et al. 2008; Rex and Eid 2008; Shi-
rodkar and Lokeshwar 2008). Screening for cervi-
cal cancer (and cervical intraepithelial neoplasia) with 
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the Papanicolaou (Pap) test is a good example for this 
strategy. Newer techniques that employ liquid-based 
cytology have recently been developed. Endoscopic tri-
modal imaging incorporating white-light endoscopy, 
autofluorescence imaging, and narrow-band imaging is 
under evaluation in GI tumors (Van den Broek et al. 
2008).

Quantification of circulating cell-free plasma DNA 
by real-time PCR may be a new tool for detection of 
breast cancer with a potential to clinical applicability 
together with other current methods (Catarino et 
al. 2008). A recent review provides further informa-
tion on measuring extracellular nucleic acids, both 
DNA and mRNA in different biological media, includ-
ing serum, plasma, saliva, urine, and bronchial lavage 
(O’Driscoll 2007). SELDI and MALDI profiling are 
being used increasingly to search for biomarkers in both 
blood and urine. Both techniques provide information 
predominantly on the low molecular weight proteome 
(<15 kDa). There have been several reports that col-
orectal cancer is associated with changes in the serum 
proteome that are detectable by SELDI, and after that, 
proteomic changes have also been assessed in urine 
(Ward et al. 2008). These early data await confirmation 
by other groups. Metabolomics is the quantitative mea-
surement of the metabolic response to pathophysiologi-
cal stimuli. This analysis provides a metabolite pattern 
that can be characteristic of various benign and malig-
nant conditions. Issaq et al. (2008) evaluated high per-
formance liquid chromatography coupled online with a 
mass spectrometer metabolomic approach to differenti-
ate urine samples from healthy individuals and patients 
with bladder cancer. This study with a limited number 
of patients also suggests that further evaluation of this 
approach is justified. Other approaches try to predict 
lung cancer employing volatile biomarkers in the breath 
(Chan et al. 2008; Phillips et al. 2008); thus, the hope 
to improve early detection of cancer with relatively sim-
ple, but accurate, tests based on examination of body 
fluids, breath, or mucosa specimens has not decreased 
despite several disappointing studies that failed to al-
ter our clinical practice in the past. The role of imaging 
studies providing anatomical and/or physiological and 
functional information are discussed in greater detail 
in Chap. 9 of this volume. Regarding the specific roles 
of breast magnetic resonance imaging, magnetic reso-
nance colonography, computed tomographic colonog-
raphy, and lung computed tomography, the interested 
reader is referred to Peters et al. (2008), Warner et 
al. (2008), Halligan and Taylor (2007), Mulhall et 
al. (2005), Purkayastha et al. (2005), Blanchon et al. 
(2007), and Cronin et al. (2008).
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K E Y  P O I n T S

 Radiological imaging of malignant processes  •
has evolved tremendously over recent decades. 
It not only provides better detection with su-
perior anatomical resolution through rapid ad-
vances in CT and MRI technology, but it also 
provides functional and physiological informa-
tion. For example, in lung cancer the diagnos-
tic accuracy of FDG-PET is between 85% and 
90%.

 In brain tumors, the sensitivity and specific- •
ity of MET-PET for tumor detection and tu-
mor tissue extension are significantly higher in 
comparison to MRI, CT or FDG-PET.

 While CT-based three-dimensional (3-D)  •
treatment planning already represented a ma-
jor step compared to the 2-D era, integration 
of MRI and PET and refinement of image fu-
sion techniques resulted in further significant 
improvements.

 The high percentage of changes in radiotherapy  •
target volumes of lung cancer patients by FDG-
PET reported in the literature is mainly caused 
by two factors: the ability to distinguish the tu-
mor from collapsed lung tissue and the higher 
accuracy of FDG-PET in lymph node staging 
compared to CT.

 Problems include the low resolution of PET im- •
ages, which is caused by physical factors (size of 
the detector crystals, positron range in matter, 
non-collinearity of annihilation gamma rays 
and detector scatter) and also by movement of 
the target during acquisition due to relatively 
long acquisition times, which leads to a blurred 
margin of the accumulating structure. Other 
problems include patient positioning and im-
age coregistration.
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Abstract

Precise imaging of the primary tumor, the drainage 
lymph nodes, and possible sites of distant metastases 
is mandatory to stage a malignant disease, arrive at a 
treatment recommendation, and eventually define an 
accurate gross tumor and clinical target volume for ra-
diotherapy. Better target definition and delineation on a 
daily basis is surely important in quality assurance for 
fractionated radiation therapy. The availability of meta-
bolic images obtained by magnetic resonance (MR) 
spectroscopy, positron emission tomography (PET), 
and others impacts on staging, treatment planning, and 
response monitoring. A broad range of techniques, in-
cluding dynamic magnetic resonance imaging (MRI), 
PET, and single-photon emission computed tomogra-
phy (SPECT), provide measurements of various fea-
tures of tumor blood flow and microvasculature. Using 
PET to measure glucose consumption enables visualiza-
tion of tumor metabolism, and MR spectroscopy tech-
niques provide complementary information on energy 
metabolism. Changes in protein and DNA synthesis can 
be assessed through uptake of labeled amino acids and 
nucleosides. Advanced imaging techniques can be used 
to assess tumor malignancy, extent, and infiltration, and 
might provide diagnostic clues to distinguish between 

lesion types. For the detection of metastatic lymph 
nodes, lymphotropic nanoparticle-enhanced MRI using 
ultra-small superparamagnetic iron oxide particles has 
greater accuracy as compared with conventional tech-
niques and has been instrumental in delineating the 
lymphatic drainage of the prostate gland. The focus of 
the present chapter is the impact of PET on radiation 
treatment planning.

9.1  
Introduction

The first rationale for using positron emission tomo-
graphy (PET) in target volume delineation for radia-
tion treatment planning is the higher sensitivity and 
specificity of PET for tumor tissue, in comparison to 
computed tomography (CT) and magnetic resonance 
imaging (MRI), in some tumor entities. This has been 
demonstrated in many studies that compared the re-
sults of PET with the results of the radiological inves-
tigations and histology. The hypothesis tested in these 
studies was that using PET in addition to CT and/or 
MRI enables tumor tissue detection with a higher ac-
curacy. The ideal PET tracer in this situation should 
be taken up homogenously from all the cells of the 
whole tumor and the intensity of the PET uptake 
should be directly proportional to the density of tumor 
cells.

The second rationale for integrating PET in the pro-
cess of radiation treatment planning is the ability of PET 
to visualize biological pathways, which can be targeted 
by radiation therapy. The imaging of hypoxia, angiogen-
esis, proliferation, apoptosis, etc. leads to the identifica-
tion of different areas within an inhomogeneous tumor 
mass, areas which can be individually targeted. For ex-
ample, hypoxic areas can be treated with higher radia-
tion doses than non-hypoxic areas.

The goal of this chapter is to discuss the use of PET 
for target delineation in the process of radiation treat-
ment planning.

9.2  
PET for Target Volume Delineation

The impact of PET for gross tumor volume (GTV) de-
lineation will be discussed based on three examples: 
amino acids-PET in brain gliomas, fluorine-18-labeled 
glucose analog fluorodeoxyglucose (FDG)-PET in lung 
cancer, and FDG-PET in head and neck tumors.

 The possible impact of FDG-PET for target  •
volume delineation in head and neck cancer 
has been investigated in several trials. All these 
studies showed that FDG-PET could have a sig-
nificant impact on gross target volume (GTV) 
delineation in comparison to CT (or MRI) 
alone. Here, as in lung tumors, in about one 
third of cases FDG-PET led to an increase in 
GTV, whereas in another one third of cases the 
GTV became smaller, if based on FDG alone.

 In recent years, PET tracers have been devel- •
oped that can visualize biological pathways 
with particular significance for tumor response 
to the treatment. These are, for example, hy-
poxia, cell proliferation, and angiogenesis.

 Ongoing clinical studies will provide important  •
data on the added value of PET, dynamic MRI, 
diffusion tensor MRI, and other recently devel-
oped imaging methods regarding target volume 
delineation as well as response monitoring.
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9.2.1  
Amino Acids-PET and Single-Photon Emission 
CT in Brain Tumors

11C-labeled methionine (MET), 123I-labeled alpha-meth-
yltyrosine (IMT), and 18F-labeled O-(2-fluoroethyl)-
L-tyrosine (FET) are the most important radiolabeled 
amino acids used in the diagnosis of brain tumors. 
These three tracers have shown a very similar uptake in-
tensity and distribution in brain tumors (Langen et al. 
1997; Weber et al. 2000). Currently available amino 
acid-PET tracers are accumulated by L and A amino 
acid transporters. Tumor cells take up radiolabeled 
amino acids at a high rate, while there is only a relatively 
low uptake in normal cerebral tissue. At the level of the 
blood–brain barrier (BBB) they are independent from 
the BBB disturbance.

Summarizing the data of the literature based on 
a PubMed search (using the key words: methionine, 
PET, and brain tumors) we found 45 clinical trials pub-
lished between 1983 and March 2007, including 1,721 
patients. In 11 studies investigating 706 patients, the 
data were analyzed using MET-PET-guided stereotac-
tic biopsies. The main message of the trials is that the 
sensitivity and the specificity of MET-PET for tumor 
detection and tumor tissue extension are significantly 
higher in comparison to MRI, CT, or FDG-PET (We-
ber et al. 2008).

We evaluated the impact of MET-PET in target vol-
ume delineation for radiation treatment planning, com-
pared to MRI, in 39 patients with brain gliomas after tu-
mor resection (Grosu et al. 2003, 2005a). MET uptake 
corresponded to the gadolinium (Gd) enhancement in 
only 13% of the cases. In 74% of the patients MET vol-
ume extended beyond the contrast-enhancing regions, 
indicating residual tumor. In 69% of the cases Gd en-
hancement could be outlined beyond the volume of 
MET uptake, showing postoperative BBB disturbance. 
Similar results were also reported evaluating the impact 
of IMT-single-photon emission CT (SPECT) in target 
volume delineation in non-resected (Grosu et al. 2000) 
and resected (Grosu et al. 2002) patients with gliomas. 
Focal IMT uptake after tumor resection was highly cor-
related with poor survival, suggesting that amino acids 
are specific markers for residual tumor tissue (Weber 
et al. 2001). The first study evaluating the value of MET-
PET or IMT-SPECT for treatment outcome was per-
formed in 44 patients with recurrent gliomas re-irradi-
ated using stereotactic fractionated radiotherapy (SFR) 
(Grosu et al. 2005b). A prospective non-randomized 
trial has shown that in patients treated based on amino 
acids-PET or -SPECT, the median survival time was 
significant higher (9 months) in comparison to patients 

treated based on CT/MRI alone (5 months, p=0.03). 
The results of this pilot study have yet to be verified in a 
randomized trial.

9.2.2  
FDG-PET in Gross Tumor Volume Delineation 
of Lung Cancer

In lung cancer, the diagnostic accuracy of FDG-PET is 
between 85% and 90% (Figs. 9.1, 9.2) (Dwamena et al. 
1999; Hellwig et al. 2001; MacManus et al. 2001). In 
the late 1990s this promising diagnostic performance 
led to the idea of integrating PET into radiotherapy 
planning (Munley et al. 1999; Nestle et al. 1999).

In earlier reviews (Grosu et al. 2005c; Nestle 
et al. 2002, 2006) the literature about the integration of 
FDG-PET in radiotherapy planning of non-small cell 
lung cancer (NSCLC) has been surveyed. To date, over 
20 studies in more than 600 patients have shown that 
the use of FDG-PET image data may lead to an advan-
tage for the patient. The main sources of this possible 
advantage are the better coverage of the primary tumor 
and the protection of healthy tissue. In this context it is 
interesting that the FDG-based target volumes may be 
both smaller or larger compared to CT-based ones. The 
high percentage of changes in target volumes by FDG-
PET (20–100%) reported in the literature concerning 
various parameters of the planning process (field sizes, 
GTV, clinical target volume [CTV], planning target 
volume [PTV], normal tissue complication probability 
[NTCP], etc.) is mainly caused by two factors: the abil-
ity to distinguish the tumor from collapsed lung tissue 
(atelectasis) and the higher accuracy of FDG-PET in 
lymph node staging compared to CT. However, because 
inflammation in the collapsed lung may also lead to 
FDG accumulation, PET does not help with GTV defi-
nition in these cases.

A significant parameter, especially in the context of 
collapsed lung tissue, is the reduction of interobserver 
variability (IOV) of the GTV delineation by FDG data 
integrated in the planning process. Here, several au-
thors have shown clear improvements (Caldwell 
et al. 2001; Steenbakkers et al. 2006; Van de Steene 
et al. 2002). The Toronto group (Caldwell et al. 2001) 
demonstrated a reduction of the IOV from 1:2.3 to 1:1.6 
after adding FDG-PET information to CT images for 
GTV delineation of advanced NSCLC.

However, despite the improvement of the IOV, the 
gold standard method for the delineation of the GTV 
has not been set yet. The problem is the low resolution 
of PET images, which is caused by physical factors (size 
of the detector crystals, positron range in matter, non-

Tumor Imaging with Special Emphasis on the Role of Positron Emission Tomography in Radiation Treatment Planning 155



collinearity of annihilation gamma rays, and detector 
scatter) (Cherry 2006), and also by biological factors 
(movements of the target during acquisition due to rela-
tively long acquisition times), which leads to a blurred 
margin of the accumulating structure (Nestle et al. 
2006).

Various methods are used for the delineation of FDG 
accumulations for GTV contouring. Easily applicable is 
the visual contouring by the physician, in analogy to 
the method used with CT-based contouring. However, 
a significant IOV remains (Pötzsch et al. 2006). To 
improve this IOV, clinical protocols have been applied 
(MacManus et al. 2007) and have succeeded in a sig-
nificant convergence of FDG-based GTVs contoured 
by different observers. However, visual contouring re-
mains observer dependent and by further distribution 
of the method into clinical practice, the varying expe-
rience of the radiotherapist with PET will influence 

the quality of visual GTV contouring. Therefore other 
methods for automatic and/or semiautomatic thresh-
old contouring of the—often high contrast—FDG ac-
cumulations have been reported. Easily applicable at 
most PET and/or radiotherapy planning systems is 
the use of a threshold of a fixed FDG concentration, 
expressed as standardized uptake value (SUV, i.e., de-
cay-corrected tissue activity/tissue volume divided by 
injected activity/body weight). However, there are nu-
merous technical and biological factors influencing the 
SUV. Furthermore, the FDG accumulation in normal 
tissues may vary, being even higher than the thresh-
old values suggested in the literature (e.g., SUV=2.5). 
Therefore, other than for diagnostic purposes where 
the maximum SUV of a lesion may give an impression 
of the malignancy of the lesion, the use of a fixed SUV 
threshold is not suitable for GTV contouring. Also eas-
ily applicable at most systems is a threshold relative to 

Fig. 9.1a–c. A 63-year-old male with NSCLC of the right 
upper pulmonary lobe. On CT N2 disease was suspected 
based on a pathologically enlarged lymph node in the me-
diastinum (arrow in a). FDG-PET (b) and FDG-PET/CT 
(c) demonstrate homogeneous tracer distribution without 
focally increased FDG uptake staging this patient as N0. His-
topathology verified an N0 nodal status

a b

c

A.-L. Grosu, W. A. Weber, and U. Nestle156



the maximum FDG accumulation of the lesion. This 
method is derived from the imaging of homogenous 
structures such as phantoms filled with radioactivity. 
In 1997, Erdi et al. used 40% of the maximum FDG 
accumulation for contouring 17 homogenous lung 
metastases leading to volumes that were comparable 
to those measured by CT. Thus, many groups have 
used this method since then. Meanwhile, it has been 
shown that ungated PET images may depict the prob-
ability of the presence of lung tumors over the whole 
breathing cycle (Caldwell et al. 2003; Yaremko et al. 
2005), which means that the “true” volume of a lung le-
sion contoured in an FDG-PET dataset must be by the 
amount of breathing excursions larger than the volume 
measured in CT. Furthermore, lung tumors often show 
a relatively inhomogeneous FDG accumulation. There-
fore, it has been shown that applied in primary lung 
tumors, thresholding by a percentage of the maximum 

accumulation intensity may lead to insufficient cover-
age of lesions (Nestle et al. 2005).

More promising is the use of contrast-dependent 
methods (Schaefer et al. 2008). These methods use 
the information on the accumulation intensity in the 
questionable lesion as well as in the neighboring back-
ground. An example of a relatively simple contrast-ori-
ented method is the “Homburg algorithm” (Schaefer 
et al. 2008; Nestle et al. 2005, 2007):

Ithreshold = A × Ilesion + B × Ibackground

Here, Ilesion is the mean FDG accumulation (SUV or 
Intensity) of a 3-D isocontour of, for example, 70% of 
the maximum of the lesion, while Ibackground is the mean 
FDG accumulation in the surrounding normal tissue. 
A and B are parameters that mainly depend on the im-
aging characteristics of the PET system, which has to 

Fig. 9.2. These images are from a 70-year-old male with recurrent small-cell lung cancer evaluated for CyberKnife treatment of 
an isolated right adrenal lesion. PET/CT showed previously unsuspected mediastinal, left adrenal, and retroperitoneal disease
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be determined by phantom measurements (Schaefer 
et al. 2008). Other contrast-oriented algorithms lead to 
similar contouring results and also need a calibration by 
phantom measurements.

In our experience, other than absolute or relative 
SUVs, contrast-oriented algorithms are quite robust 
under clinical conditions. However, the calibration 
to the PET and radiotherapy planning system used is 
mandatory (Nestle et al. 2005, 2006, 2007). As techni-
cal factors like the methods of reconstruction, attenu-
ation correction of PET images, and data transfer do 
influence PET imaging, they have to be defined before 
and kept constant after calibration.

Overall, it must be kept in mind that the choice of 
the method for GTV contouring may have a significant 
impact on the size of the GTV (Nestle et al. 2005) and 
that the most important factor in PET-based GTV de-
lineation is the close collaboration of nuclear medicine 
and radiotherapy departments on the side of the medi-
cal as well as on the side of the physical and technical 
staff.

Crucial points in this context are patient position-
ing and image coregistration. It must be kept in mind 
that patient position may change, not only between 
acquisition on stand-alone PET and CT scanners, but 
also during PET/CT acquisition. Not correcting for the 
consequent differences in tumor localization leads to a 
geographical miss, if PET-derived GTVs are transmit-
ted to CT datasets without critical evaluation of the 
quality of coregistration. This is best done by compar-
ing anatomical landmarks detectable by both imag-
ing techniques, such as carina tracheae, lung apices, 
spine, sternum, thoracic wall, and—with care due to 
breathing mobility—diaphragm. Although non-rigid 
coregistration algorithms may solve some of the po-
sitioning problems, at the moment, rigid coregistra-
tion algorithms are the method of choice. It may well 
be that the deformation of the image data caused by 

non-rigid algorithms may result in geometrical inex-
actnesses or geographical misses, especially in tumors 
which are not clearly depicted by the morphological 
method. Unfortunately, these are the cases in which 
the integration of FDG-PET into radiotherapy plan-
ning is most helpful. Further research is needed to clar-
ify this point.

The highest possible benefit for the patients from 
FDG-based radiotherapy planning can only be gained 
if, due to the exact depiction of tumor localization by 
PET, the irradiation of normal tissues can be omitted. 
In lung cancer, this would mean departing from the 
clinical concept of “elective nodal irradiation” (ENI) of 
large macroscopically normal parts of the mediastinum 
when defining the CTV (Kiricuta 2001). Omitting 
ENI could lead to a significant protection of highly 
radiosensitive normal tissues, for example lung, with 
the consequence of obtaining higher irradiation doses 
in the tumor. First clinical data with (De Ruysscher 
et al. 2005) and even without FDG-PET (Rosenzweig 
et al. 2007) have shown that the risk of “out of field” re-
currences after targeting the macroscopic tumor alone 
is small, much smaller than the risk for local (“in field”) 
tumor progression. However, prospective randomized 
clinical studies will have to show that this policy is safe 
and beneficial for the patients. The data from 26 patients 
with NSCLC treated with involved-field radiotherapy 
who had local failure and a post-radiotherapy PET 
scan were analyzed by Sura et al. (2008). The patterns 
of failure were visually scored and defined as follows: 
(1) within the GTV/PTV; (2) within the GTV, PTV, 
and outward; (3) within the PTV and outward; and 
(4) outside the PTV. Local failure was also evaluated as 
originating from nodal areas versus the primary tumor. 
All the patients had recurrence originating from their 
primary tumor. Of 8 primary tumors that had received 
a dose of <60 Gy, 6 (75%) had failure within the GTV 
and 2 (25%) at the GTV margin. At doses of ≥60 Gy, 

7 Fig. 9.3a–d. Central necrosis of metastatic lymph nodes. 
a,b Bilateral nodal metastases of oropharyngeal SCC. a Post-
contrast CSE T1-weighted coronal image with FS shows three 
different metastatic nodal patterns: (1) an area of low signal 
intensity surrounded by an intensely contrast-enhanced rim 
(black curved arrow); (2) an area of intermediate signal inten-
sity with a bright rim (thin white arrow); (3) an area of inter-
mediate signal intensity partially “obscured” by an intensely 
“flashing” rim (thick white arrow). Fat is well suppressed at the 
level of the white star, but less satisfactorily so at the level of 
the white notch. b FSE T2-weighted coronal image without FS 
in a strictly similar slice location to 3a clearly reveals central 
necrosis as a very bright cystic area within the node display-

ing the lowest T1 signal intensity (black curved arrow), whereas 
the other nodes are not necrotic-cystic. c,d Close-ups of meta-
static jugular nodes of an infiltrating SCC of the right vallecula 
(white notch). c Post-contrast CSE transverse T1-weighted im-
age without FS. Necrotic areas within the nodes display very 
low signal intensity (arrowheads). A non-necrotic lymph node 
(arrow) and submandibular gland (double arrows) exhibit simi-
lar signal intensity. d FSE T2-weighted transverse image with-
out FS in a similar slice location to that  in 3c shows very bright 
signal intensity of the nodal necrotic-cystic areas. Signal inten-
sities of the non-necrotic node and the submandibular gland 
are significantly different

A.-L. Grosu, W. A. Weber, and U. Nestle158



6 (33%) of 18 had failure within the GTV, 11 (61%) 
at the GTV margin, and 1 (6%) was a marginal miss 
(p<0.05). The authors concluded that with lower doses, 
the pattern of recurrences was mostly within the GTV, 
suggesting that the dose might have been a factor for 
tumor control, whereas at greater doses, the treatment 

failures were mostly at the margin of the GTV. They 
also mentioned that visual incorporation of PET data 
for GTV delineation might be inadequate, and more 
sophisticated approaches of PET registration should be 
evaluated.

a b

c d
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9.2.3  
FDG-PET in Head and neck Cancer

Anatomical imaging continues to provide important 
information on disease extent and prognostic factors, 
as illustrated in Fig. 9.3. However, other imaging meth-
ods are being used in addition to CT and MRI. Gamb-
hir et al. (2001) summarized the data of eight studies 
(468 patients) that evaluated the impact of FDG-PET 
in staging of head and neck cancer: the average sensi-
tivity and specificity for FDG-PET were 87% and 89%, 
respectively, whereas for CT were 62% and 73%, respec-
tively. For tumor diagnosis the sensitivity and specificity 
of FDG-PET, assessed in seven trials incorporating 193 
patient studies, were 93% and 70%, in comparison to 
CT with 66% and 56%, respectively. However, the stan-
dard diagnosis of tumor infiltration in head and neck 
cancer remains the histological evaluation.

Since this analysis was published, more advanced 
data have been reported: Liu et al. (2007) performed a 
systematic review of the performance of FDG-PET in 
head and neck cancer, namely about diagnosis of re-
sidual or recurrent nasopharyngeal carcinoma. In this 
thoroughly conducted analysis of data from 1,813 pa-
tients, FDG-PET compared to CT and MRI is by far the 
method with the best diagnostic performance: the over-
all sensitivity of PET being 0.95 and 0.9 versus 0.76 and 
0.59 for CT and 0.78 and 0.76 for MRI.

Furthermore, the new technology of combined 
PET/CT has been brought into the clinic and was evalu-
ated by several groups. Hybrid PET/CT enables a better 
correlation of FDG accumulations with anatomy, which 
is very helpful for the interpretation of PET scans in the 
topographically complex head and neck region. Overall, 
it has been shown that the diagnostic accuracy of PET/
CT, especially concerning equivocal findings, is higher 
compared to that of PET alone (Jeong et al. 2002) and 
maintains the superiority of FDG-PET compared to 
CT (Schwartz et al. 2005a) and to MRI (Dresel et al. 
2003).

However, as in lung cancer, the diagnostic accuracy 
of FDG-PET and/or PET/CT in head and neck cancer 
is not 100%. The main causes for false-negative findings 
are again the presence of micrometastatic disease in 
lymph nodes or very small primary lesions. False-neg-
ative PET results may also be caused by flat superficial 
growth, which is not uncommon in this area (Dresel 
et al. 2003). In a group of 116 patients with mixed stage 
and site primary or recurrent head and neck tumors, 
Dresel et al. (2003) diagnosed 86% of the tumors and 
82% of the involved cervical lymph nodes correctly, 
translating to false-negative rates of 14–18%. In a highly 
preselected group of operated clinically N0 patients 

with oral cancer, with 9/142 histologically metastatic 
lymph node levels, Schöder et al. (2006) described 3/9 
false FDG-negative lymph node levels (1 directly adja-
cent to the primary tumor). Therefore, the rates of false-
negative FDG-PET findings in head and neck patients 
seem to be higher than in lung cancer, although no 
meta-analysis on this topic has been performed yet. For 
the surgical treatment, however, it has been concluded 
that management of cervical lymph nodes should not 
be based on FDG-PET/CT alone.

False-positive FDG-PET findings, as was also seen 
in the Schöder group of patients and in many other di-
agnostic studies (Chan et al. 2006; Dresel et al. 2003; 
Goshen et al. 2006), may be caused by inflammation 
accounting for 6/133 false FDG-positive neck levels 
caused by inflammatory lymphoid hyperplasia in the 
Schöder data. False-positive FDG accumulations may 
furthermore be found in the metabolically active lym-
phoid tissues of the tonsils, the base of tongue, and the 
Waldeyer’s ring, while a variable symmetric or asymmet-
ric uptake may be seen in salivary glands and may also 
be variable in muscles, including the larynx, depending 
on the activities of the patient after injection of the FDG 
(Abouzied et al. 2005). By including the anatomical in-
formation of CT (Nakamoto et al. 2005), the rates of 
false-positive FDG-PET/CT findings appear lower than 
those reported in the earlier literature on FDG-PET 
alone (Goshen et al. 2006; Zimny et al. 2002).

There are two main technical problems in FDG-
based definition of target volumes for patients with head 
and neck cancer: coregistration and GTV delineation:

Coregistration is a delicate problem in the head 1. 
and neck area. Impreciseness in coregistration of 
some millimeters may soon lead to a significant 
geographical miss in the complex flexible anatomy 
with the structures of interest being relatively small. 
When using rigid coregistration algorithms, posi-
tioning aids like masks used for radiotherapy must 
be used for the PET acquisition, too. If these are 
not used, PET scans from this area of the body can 
not be rigidly registered to a planning CT or MRI 
with sufficient accuracy. Although non-rigid coreg-
istration algorithms are advocated by some authors 
(Ireland et al. 2007) to solve the positioning prob-
lem, it has not yet been proven that with non-rigid 
coregistration of image data the tumor structures 
are registered correctly to anatomical imaging. To 
our knowledge there is no method available to date 
that can take into account, for example, the differ-
ent grades of rigidity of anatomical structures (e.g. 
bone, soft tissue, airways, etc.) in the head and neck 
area. Therefore, further research is needed at this 
point. Until then, thorough patient positioning for 
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PET, CT, and treatment application and rigid image 
coregistration is mandatory.
FDG-based delineation of the GTV is another chal-2. 
lenging problem. The key feature in this context is 
that the structures of interest are relatively small 
compared to a voxel size of PET. Including one set of 
surrounding voxels more or less into the GTV may 
lead to significant changes of volume, and therefore 
of tumor covering on one side and normal tissue 
complications on the other side. As had been seen 
by Ford et al. (2006), who compared different per-
centages of the maximum intensity as thresholds, 
the Nijmegen group (Schinagl et al. 2007) also 
showed large differences in the resulting volumes 
between various methods applied for GTV contour-
ing, which led to differences of nearly 100%. The 
Nijmegen group concluded that, as in lung cancer, 
a contrast-oriented method (source/background 
ratio) seems preferable. The Ghent group (Daisne 
et al. 2003, 2004) showed that by contouring lar-
ynx cancers preoperatively by a contrast-oriented 
method the results in comparison to pathological 
specimens were more accurate than CT- and MRI-
based GTV delineation. However, in a later planning 
trial on intensity-modulated radiotherapy (IMRT), 
the same group (Geets et al. 2007) favored another, 
gradient-based method.

In a first clinical trial with 41 patients, the group of 
Madani et al. (2007) performed an FDG-guided focal 
dose escalation using IMRT for patients with head and 
neck cancer. While applying conservative doses to elec-
tive lymph node levels, doses to GTVs defined by CT 
and FDG-PET were escalated up to a NID2Gy of 78.2 Gy. 
However, in preliminary evaluation of the pattern of 
recurrence, 4/9 locoregional recurrences were located 
outside the PET-defined GTV and 1/9 at the border of 
the PET-defined GTV, although the above-mentioned 
contrast-oriented method for FDG-based GTV con-
touring was used, which had been verified by correlation 
with pathological specimens (Daisne et al. 2004). Pos-
sible reasons for the relatively high rate of recurrences 
outside the PET-defined GTV are false FDG-negative 
nodal disease together with steep dose gradients in the 
IMRT plans and the fact that not all patients received 
concomitant chemotherapy. However, the other 4/9 lo-
coregional recurrences appeared within the high-dose 
volumes showing the need for further dose escalation 
to the gross tumor while 9/14 relapsing patients had 
distant metastases, supporting the need for additional 
chemotherapy.

The possible impact of FDG-PET for target volume 
delineation for radiation treatment planning has mean-

while been investigated in nine trials (Ciernik et al. 
2003; Connell et al. 2007; Daisne et al. 2004; Geets 
et al. 2007; Nishioka et al. 2002; Paulino et al. 2005; 
Rahn et al. 1998; Scarfone et al. 2004; Schwartz 
et al. 2005b) incorporating 248 patients with different 
tumor stages and locations. All these studies showed 
that FDG-PET could have a significant impact on GTV 
delineation in comparison to CT (or MRI) alone, the 
results ranging between 9% and 100% of the cases. 
Here, as in lung tumors, in each about one third of 
cases FDG-PET led to an increase of GTV, whereas in 
another one third of cases the GTV became smaller, if 
based on FDG alone. Therefore, an FDG-based radio-
therapy of head and neck cancer patients might lead to 
a significant gain in normal tissue protection especially 
concerning the parotid gland, with a relevant improve-
ment of quality of life.

Overall, the optimum method for GTV delineation 
in this area has not been defined yet. In the end, the re-
sults of further clinical trials will have to show if it is 
beneficial to use FDG-PET-based GTV reduction in the 
radiotherapy planning of head and neck tumors.

9.3  
PET for Visualization of Tumor Biology

In recent years, PET tracers have been developed that 
can visualize biological pathways with particular sig-
nificance for tumor response to the treatment. These 
are, for example, hypoxia, cell proliferation, and angio-
genesis. The volumes defined by using images acquired 
after injection of these tracers may be used as subvol-
umes of the tumor, like a target within the GTV, which 
could be irradiated with a higher dose, for example by 
IMRT. This concept is called “dose painting,” and is as 
yet a promising hypothesis waiting to be validated by 
clinical and experimental data (Bentzen 2005; Brad-
ley et al. 2004; Buck et al. 2005; Ling et al. 2000, 2004; 
Tanderup et al. 2006).

9.3.1  
Hypoxia

Hypoxia, i.e., an insufficient tissue oxygenation, is a 
well-known factor causing radioresistance of cells. 
Clinically, low tumor oxygenation, for example in pa-
tients with head and neck tumors, has been shown to 
be associated with a poor prognosis after radiotherapy 
(Nordsmark et al. 2005). Although the underlying 
mechanisms of radioresistance are still subject to inves-
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tigation (Koritzinsky et al. 2005; Troost et al. 2005; 
Williams et al. 2005; Yaromina et al. 2005), it appears 
very interesting to image hypoxia in vivo in order to 
increase local doses to radioresistant regions. Several 
bioreductive substances have been evaluated as hypoxia 
tracers. The tracers investigated are mainly nitroimida-
zole compounds, for example [18F]-fluoromisonidazole 
([18F]-FMISO), which was the first nitroimidazole com-
pound developed for PET, [123I]-iodoazomycin ara-
binoside ([123I]-IAZA) and [18F]-azomycin arabinoside 
([18F]-FAZA). With these tracers, the bioreductive mol-
ecule attracts a single electron leading to free radical 
metabolites that are further reduced and bound to cell 
constituents under hypoxic conditions. [60Cu]-labeled 
methylthiosemicarbazone ([60Cu]-ATSM) has also be-
ing proposed for hypoxia imaging.

The first data about the use of hypoxia PET for the 
visualization of a hypoxic subvolume were published 
by a group at the University of Washington (Koh et al. 
1995; Rasey et al. 1996). Based on experimental and 
clinical data, they considered a tumor pixel with a tu-
mor/blood [18F]-FMISO ratio ≥1.4 at the late image 
acquisition interval (120 min following injection) as 
indicative for the presence of hypoxia. Therefore, the 
percentage of pixels within the imaged volume that had 
a tumor/blood [18F]-FMISO ratio ≥1.4 were defined as 
fractional hypoxic volume (FHV). The authors assessed 
the dynamics of FHV during radiotherapy in 7 patients 
with NSCLC and showed that it decreased from the be-
ginning to the end of the treatment (Koh et al. 1995). 
In a study published about 10 years later, the Tübingen 
group assessed the predictive value of [18F]-FMISO af-
ter radiation therapy in 14 patients with NSCLC and 26 
patients with head and neck cancer (Eschmann et al. 
2005). In the lung cancer group SUV measured 4 h 
after tracer injection did not correlate with the tumor 
recurrence after radiotherapy, whereas in the head and 
neck group for an SUV >2 the correlation was statisti-
cally significant. A tumor-to-mediastinum ratio >2 was 
a predictive factor for local recurrence in the lung can-
cer group. The authors performed qualitative analysis 
of time–activity curves and defined three curve types: 
rapid tracer washout, intermediate (delayed) washout, 
and a tracer accumulation curve. The tracer accumula-
tion curve correlated with a higher incidence of local 
recurrence, while the rapid-washout curve was a pre-
dictive factor for better local tumor control.

[60Cu]-ATSM is a bioreductive molecule also being 
proposed for tumor hypoxia imaging. In a trial includ-
ing 14 patients with NSCLC treated with radiation and/
or chemotherapy it was shown that the mean tumor-to-
muscle activity ratio before treatment was significantly 

lower in responders (1.5±0.4) than in non-responders 
(3.4±0.8; p=0.002). The tumor/muscle ratio of 3 could 
discriminate the responders from non-responders. 
The mean SUV for [60Cu]-ATSM was not significantly 
different in responders versus non-responders (Deh-
dashti et al. 2003). Grosu et al. (2007) evaluated the 
distribution of hypoxia in 18 patients with head and 
neck tumors using FAZA-PET. The hypoxic subvol-
ume was located in a single confluent area in 61% of 
patients, was diffusely dispersed in the whole tumor 
mass in 22%, and missing in 17%. Only patients with 
a confluent distribution of the tracer would be suitable 
for a dose painting approach based on hypoxia. How-
ever, such an approach could lead to a dose escalation 
to 105 Gy in tumor without exceeding the normal tissue 
tolerance (Lee et al. 2008).

The results of these studies could open new perspec-
tives for radiation treatment planning. They demon-
strated the feasibility of in vivo PET studies performed 
with tracers which in experimental models were closely 
related to tissue hypoxia. Furthermore, they showed, 
even in a small number of patients, a significant cor-
relation between hypoxia-tracer uptake and treatment 
response. However, clinical trials analyzing the impact 
of FHV as a target for radiation treatment planning in 
lung cancer have not been done so far.

In the preparation of such trials, several issues have 
to be addressed. Firstly, the tracer used for radiotherapy 
application must be carefully chosen. It would ideally be 
captured specifically by hypoxic cells using an oxygen-
specific retention mechanism, be sufficiently delivered 
in a perfusion-limited microenvironment, produce a 
low level of non-specific metabolites, and have no la-
beled metabolites of hypoxia tracers found in the circu-
lation at the time of imaging. Secondly, the method of 
quantification must be sorted out. Considering the phe-
nomena of perfusion, diffusion, and hypoxia-induced 
tracer retention and inspired by recent immunohis-
tochemical investigations with the hypoxia tracer pimo-
nidazole (Bussink et al. 2003), the Tübingen group pro-
posed that the kinetic model is a more valid criterion to 
quantify hypoxia in vivo than a criterion based on static 
SUV at an early time point. However, depending on the 
tracer used, static imaging, which is much easier to im-
plement in the planning process, may also be feasible. 
Thirdly, the method of application of radiotherapy must 
be chosen. To date, two IMRT models are proposed: 
The model of Chao et al. (2001) is defined as a target in 
target, which by using IMRT is irradiated with a higher 
dose than the rest of the tumor. In a more sophisticated 
technique, Alber et al. (2003) propose a method which 
allows the inclusion of biological imaging data in the 
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optimization of IMRT to produce an image intensity 
based dose modulation, voxel by voxel.

An essential question, however, is how to account 
for setup variations and target movements. Due to the 
relatively low contrast of hypoxia-PET images, con-
touring hypoxia targets can be expected to pose more 
problems than [18F]-FDG imaging already does. Fur-
thermore, setup and target movement errors have to 
be applied when using these data for PTV delineation. 
Depending on the quality of immobilization, it may be 
necessary to apply margins to every voxel of the GTV 
with a defined dose prescription.

Another essential question addresses the reproduc-
ibility of the intratumoral distribution of hypoxia. In a re-
cent study Nehmeh et al. (2008) evaluated the dynamics 
of the FMISO uptake in PET over 3 days in 14 patients 
with untreated head and neck tumors. The authors de-
scribe variability in spatial hypoxia tracer uptake. Only 
6/13 patients had well-correlated intratumoral distribu-
tions of FMISO, suggestive of chronic hypoxia.

In the end, the results of such clinical trials will have 
to be awaited to find out about the clinical benefit from 
hypoxia-based dose intensification.

9.3.2  
Proliferation

The proliferation of tumor cells is the basic mechanism 
for malignant growth. Therefore, it has been tried to 
image this parameter, which is thought to be more spe-
cific for malignancy compared to, for example, glucose 
consumption. [18F]-fluorine-labeled thymidine analog 
3'-deoxy-3'-[18F]-fluorothymidine (FLT) is retained in 
the cell after phosphorylation by thymidine kinase 1, 
whose levels correlate with cell proliferation.

The FLT uptake in malignant tissue, measured by 
SUV, seems to be generally lower than the [18F]-FDG 
uptake. The sensitivity seems to be higher for primary 
tumors than for lymph node metastases (Buck et al. 
2005). Furthermore, the specificity of the tracer is not 
100%: proliferation of lymphocytes and non-specific 
increased accumulation due to increased perfusion and 
vascular permeability could lead to false-positive results 
(Shields et al. 1998; Yap et al. 2006).

Until now, there are no trials analyzing the impact 
of FLT-PET on radiation treatment planning. However, 
it visualizes a biological pathway with a high impact in 
tumor treatment. Therefore, it could play an important 
role in the development of new image-based dose 
distributions and guide treatment fractionation strategies 
and deserves to be investigated in future clinical trials.

9.3.3  
Angiogenesis

The αvβ3 integrin is an important receptor for cell ad-
hesion involved in tumor-induced angiogenesis and 
metastasis. It mediates migration of activated endothe-
lial cells through the basement membrane during for-
mation of new blood vessels. Particularly interesting is 
that this integrin is expressed only on the cell surface 
of tumor cells or activated endothelial cells, and not on 
normal endothelial cells of established vessels. Haub-
ner et al. (2001) and Beer et al. (2007) described the 
noninvasive imaging of αvβ3 integrin expression using 
F18-labeled RDG-containing glycopeptide and PET. 
In squamous cell carcinoma of head and neck, for ex-
ample, αvβ3 integrin seems to be expressed on the en-
dothelial cells and not on the tumor cells. This suggests 
that RGD-PET could be used as a surrogate for the vi-
sualization and evaluation of tumor angiogenesis (Beer 
et al. 2007).

9.4  
Conclusion

PET could improve the delineation of GTV in some tu-
mor entities like brain tumors, lung cancer, and head 
and neck cancer. Therefore, its impact on the clinical 
outcome has to be evaluated in prospective trials. The 
role of PET for the visualization of tumor biology is 
unclear. However, this approach could open new per-
spectives in treatment planning and monitoring of solid 
tumors and has to be assessed in the future in experi-
mental and clinical studies.
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K E Y  P O I n T S

 Many anticancer drugs are cell-cycle specific  •
and therefore most active against cells that are 
proliferating. Thus, the non-proliferating frac-
tion is difficult to eradicate. Tumor regrowth in 
between cycles of therapy (repopulation) also 
contributes to limited efficacy.

 Experimental evidence suggests that single ra- •
diation doses result in 1% or less cell survival 
compared with 10–50% with cytotoxic drugs. 
Although clinically impressive remissions of 
solid tumors might occur after chemotherapy, 
the underlying cell kill is often not larger than 
1–2 log and pathological examination of tissue 
specimens reveals residual viable tumor cells.

 The two Stockholm breast cancer trials in  •
women treated with modified radical mastec-
tomy provide a comparison of postoperative 
radiotherapy and chemotherapy with a median 
follow-up of 18 years. Locoregional recurrence 
was observed in 14% after radiotherapy and 
24% after chemotherapy in premenopausal pa-
tients (hazard ratio 0.67, p = 0.048) and in 12% 
after radiotherapy and 26% after chemotherapy 
in postmenopausal patients (hazard ratio 0.43, 
p < 0.001).
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Abstract

This chapter contains a review of the potential of radio- 
and chemotherapy to eradicate tumor cells. With regard 
to the amount of quantitative cell kill, important differ-
ences exist between ionizing radiation and chemother-

apy. In principle, radiation treatment can be designed 
to cover the whole tumor with a homogeneously dis-
tributed full radiation dose, capable of inactivation of 
all tumor cells. In contrast, pharmacotherapy is limited 
by the fact that the dose of the active, cell-killing form 
of the compound is variable within the tumor and its 
cells. This results from problems in the delivery of drugs 
(perfusion, interstitial fluid pressure, tissue pH, protein 
binding, etc.), cellular uptake, efflux, inactivation, and 
other mechanisms of resistance. In many instances, 
the agent does not reach the relevant therapeutic tar-
gets in the required concentration and for a sufficient 
time period. In fact, the pharmacokinetic profile of an-
ticancer drugs is characterized by substantial interpa-
tient variability where two- to threefold variation is not 
uncommon. These issues even gain complexity with si-
multaneous administration of two or more drugs. Such 
multiagent regimens with different modes of action 
might be valuable when each agent kills different tumor 
cells, which would not become inactivated by the other 
agent. Depending on variations in actual drug concen-
tration, a fixed combination of two drugs might either 
show additivity or antagonism in the same tumor cells. 
Both preclinical and clinical data confirm that rationally 
designed drug combinations often lead to improved re-
sults. Several studies support the superior quantitative 
cell kill of radiotherapy and suggest that simultaneous 
application of radio- and chemotherapy is an important 
measure to increase the efficacy of non-surgical cancer 
treatment.

10.1  
Introduction

10.1.1  
Clinical Relevance 
of Radio- and Chemotherapy

The curative potential of radiotherapy, for example, for 
limited-stage malignancies of the skin and other organs 
that could be treated to high doses with the technology 
available at that time, was explored very soon after the 
landmark discoveries by Wilhelm Conrad Roentgen 
and many other enthusiastic pioneers in the newly 
emerging field of radiation medicine. As early as 1912, 
the German journal Strahlentherapie & Onkologie 
was published for the first time. The elegant work on 
dose-effect relationships of, for example, Magnus 
Strandqvist, which was published in 1944, has been 
summarized in one of the early issues of the Interna-

 The curative potential of chemotherapy alone  •
has remained low in most solid tumors. Ob-
viously chemotherapy or medical treatment 
alone is unable to control definitively macro-
scopic solid tumors in adults (either metasta-
ses or primary tumors) with the exception of 
testicular carcinomas. As a result of the limited 
efficacy, current studies are trying to enrich 
the patient population that is likely to respond, 
based, for example, on gene signatures or dif-
ferent pathology features that might predict the 
outcome.

 The introduction of combined modality ap- •
proaches was a highly significant step in the 
evolution of curative cancer treatment. The 
most pronounced increase in therapeutic gain 
was probably seen by combining surgery and/
or radiation with chemotherapy. As recently 
suggested from the data of patients with glio-
blastoma, head and neck, and esophageal can-
cer who received radiotherapy alone or radio- 
and chemotherapy, the effect of the drugs in 
combined modality treatment corresponds to 
the equivalent of 9–12 Gy in 2-Gy fractions. In 
many clinical situations, radiation dose escala-
tion by 9–12 Gy would result in increased late 
toxicity risks. Under these circumstances, com-
bining radio- and chemotherapy increases the 
therapeutic window.

 In practice, the efficacy of radiotherapy might  •
be reduced by limitations in imaging/detection 
of malignant cells (target volume definition), 
precision of treatment delivery (intra- and in-
terfraction motion), and various factors related 
to tumor biology (oxygenation, cell cycle dis-
tribution, etc.).

 Both experimental and clinical observations  •
have repeatedly confirmed the influence of ini-
tial tumor volume or cell number on local con-
trol and the need for administration of higher 
radiation doses in large-volume disease.
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tional Journal of Radiation Oncology Biology and Physics 
(del Regato 1989). Driven by rapid progress in both 
machine development, discovery of new isotopes, and 
understanding of the basic biological principles, the 
number of indications and successful treatment strate-
gies has increased tremendously during the twentieth 
century. Eventually, the basis for high-precision proton 
and heavy ion beam application has been established 
(Lawrence et al. 1963). Today, patients with early-
stage solid tumors (T1, T2; N0; M0), such as prostate 
cancer or non-small cell lung cancer (NSCLC), are 
cured by linear accelerator photon radiation treatment 
alone [prostate: brachytherapy or intensity modulated 
radiation treatment (IMRT) (Nguyen and Zietman 
2007); lung: stereotactic fractionated radiation treat-
ment (Zimmermann et al. 2006)].

Later during that century, the first encouraging ef-
forts in systemic chemotherapy with cytotoxic drugs, 
in particular in patients with leukemias, malignant 
lymphomas, and testicular cancer, contributed to a con-
tinuous increase and refinement of cancer treatment 
approaches (Ben-Asher 1949; Scott 1970). More 
and more specific drug targets have been discovered, 
rational drug combinations have been designed, and, 
thus, an unprecedented number of clinically established 
neoadjuvant, adjuvant, and palliative regimens have be-
come available today. However, the curative potential 
of chemotherapy alone has remained low in most solid 
tumors. The introduction of combined modality ap-
proaches was a highly significant step in the evolution 
of curative cancer treatment. Parallel to refinements of 
each single modality, combined treatment has actively 
been investigated in recent decades in both preclinical 
and clinical studies around the world. When judged at 
this time, the most pronounced increase in therapeutic 
gain was probably seen by combining surgery and/or 
radiation with chemotherapy.

Meanwhile a huge body of evidence supports the 
use of combined modality approaches based on the 
combination of ionizing radiation with cytostatic and 
cytotoxic drugs. In this regard, several randomized 
phase III trials for many relevant cancer sites provide 
a sound basis for level-one evidence-based decisions. 
This holds true especially for glioblastoma multiforme 
(Stupp et al. 2005), head and neck cancers includ-
ing nasopharyngeal cancer and laryngeal cancer (Bri-
zel et al. 1998; Forastiere et al. 2003; Budach et al. 
2005), esophageal cancer (Minsky et al. 2002; Siewert 
et al. 2007), colorectal and anal cancer (Bartelink 
et al. 1997; Sauer et al. 2004), cervical cancer (Green 
et al. 2001), as well as lung cancer (Schaake-Koning 
et al. 1992).

10.2  
Basic Considerations

10.2.1  
Treatment Aims

The most important aim of curative cancer treatment is 
to eradicate all tumor cells. With regard to the amount 
of quantitative cell kill, it has to be emphasized that im-
portant differences exist between ionizing radiation and 
chemotherapy (Fig. 10.1). In principle, radiation treat-
ment can be designed to cover the whole tumor with a 
homogeneously distributed full radiation dose, capable 
of inactivation of all tumor cells. In contrast, pharmaco-
therapy is limited by the fact that the dose of the active, 
cell-killing form of the compound is variable within the 
tumor and its cells (Fig. 10.2). This results from problems 
in the delivery of drugs (perfusion, interstitial fluid pres-
sure, tissue pH, protein binding, etc.), cellular uptake, 
efflux, metabolization, inactivation, and other molecu-
lar and cellular mechanisms of resistance. In many in-
stances, the agent does not reach the relevant therapeutic 
targets in the required concentration and for a sufficient 
time period (Tannock et al. 2002; Primeau et al. 2005; 
Minchinton and Tannock 2006). In fact, the pharma-
cokinetic profile of anticancer drugs is characterized by 
substantial interpatient variability where two- to three-
fold variation is not uncommon (Brunsvig et al. 2007). 
These issues even gain complexity with simultaneous ad-
ministration of two or more drugs. Such multiagent reg-
imens with different modes of action might be valuable 
when each agent kills different tumor cells, which would 
not become inactivated by the other agents; however, 
sometimes all agents might act on the same cell, caus-
ing much more damage than necessary for cell death. 
Depending on variations in actual drug concentration, 
a fixed combination of two drugs might either show ad-
ditivity or antagonism in the same tumor cells (Lee et al. 
2006). Cells surviving initial chemotherapy may up-
regulate active resistance mechanisms, which allows for 
growth despite therapy (Teicher et al. 1990; Graham 
et al. 1994). Furthermore, cells may survive until ther-
apy cessation by downregulating metabolism/cycling, 
becoming temporarily quiescent (Stewart et al. 2007). 
Another factor that interferes with our ability to deliver 
tumor-eradicating treatment is toxicity/damage to nor-
mal tissues and organs. While such toxicity typically 
is limited to the tumor surroundings in the context of 
surgery and radiotherapy, more widespread effects limit 
the maximum tolerable doses of systemically adminis-
tered agents (bone marrow toxicity, neuropathy, cardiac 
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Fig. 10.1. Differences in quantitative cell kill and time course. Influence of different thera-
peutic modalities on number of tumor cells during a course of treatment, based on models 
(Tannock 1989, 1992; Minchinton and Tannock 2006). The dashed line represents the 
border between microscopic and macroscopic tumors, defined as a size of approximately 
5 mm. Compared with surgical resection and fractionated radiotherapy, multiple courses of 
chemotherapy (in this case six, indicated by arrows) are less efficient in cell kill. While mi-
croscopic disease might be eradicated (lower chemotherapy curve), clinical evidence suggests 
that most macroscopic solid tumors (exception: more sensitive testicular cancers) will shrink 
temporarily but eventually regrow from surviving residues (upper chemotherapy curve). As 
shown in the inset, the strength of chemotherapy in combination with radiation treatment 
(in addition to spatial cooperation) is the modification of the slope of the curve

Fig. 10.2. Comparison between tumor dose distribution in radiation treatment and pharmaceutical treatment. Il-
lustrative tumor sections from a squamous cell carcinoma demonstrate biological heterogeneity, reflected by the 
differently colored areas, within the tumor. Homogeneous radiation dose distribution within the tumor irrespective 
of differences in biology, physiology, functional factors, structure, and morphology. Heterogeneous dose distribution 
for drug treatment, related, for example, to regional differences in perfusion, pH, metabolism, etc. Drug molecules 
are shown as red circles. (The histological section is courtesy of W. Müller-Klieser, Johannes Gutenberg University, 
Mainz, Germany)
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damage, kidney damage, infertility, etc.). Here it is also 
worth noting that in contrast to malignant tissues the 
normal tissue of the different organs does not develop 
resistance toward anticancer pharmaceuticals. Systemic 
radiotherapy such as radionuclides for the treatment of 
bone metastases or certain types of lymphomas will of 
course also be able to cause some of the systemic effects. 
This particular type of radiation treatment, however, will 
not be discussed in greater detail in this chapter.

10.2.2  
Aspects Specific to Radiotherapy

As illustrated in Fig. 10.1, the quantitative cell kill of 
ionizing radiation is significantly larger than that of 
chemotherapy (Tannock 1992, 1998; Minchinton 
and Tannock 2006). The magnitude of the relatively 
low efficiency of chemotherapy might vary with cell 
type, culture conditions, drug, exposure time, etc. Ex-
perimental evidence suggests, however, that single ra-
diation doses result in 1% or less cell survival compared 
with 10–50% with cytotoxic drugs (Epstein 1990; Kim 
et al. 1992; Simoens et al. 2003; Eliaz et al. 2004). Al-
though clinically impressive remissions of solid tumors 
might occur after chemotherapy, the underlying cell kill 
is often not larger than 1–2 log and pathological exami-
nation of tissue specimens reveals residual viable tumor 
cells. From these cells local, regional, and distant failure 
can eventually emerge.

In practice, the efficacy of radiotherapy might be re-
duced by limitations in imaging/detection of malignant 
cells (target volume definition), precision of treatment 
delivery (intra- and interfraction motion), and various 
factors related to tumor biology, which will be discussed 
later in this chapter. However, the experience with im-
age-guided high-precision radiotherapy based on com-
bined biological and anatomical imaging suggests that 
the magnitude of such limitations is likely to diminish 
(Grosu et al. 2006).

Extensive discussion of radiobiological principles is 
beyond the scope of this chapter, yet a few definitions 
will be mentioned. The response of tumors to radio-
therapy is determined by several factors such as repop-
ulation, reoxygenation, number of clonogenic cells, and 
their intrinsic radiosensitivity. Since the introduction of 
mammalian cell survival curves, the parameters D0 and 
N have been used as quantitative measures of inher-
ent radiation sensitivity, as was the shoulder width Dq 
(Thames and Suit 1986). Today the ratio alpha/beta 
is the most common parameter for characterization of 
cell survival curves. It is also a measure of fractionation 
sensitivity.

When combining two treatment modalities, the 
resulting net effect on cell killing is mainly described 
by the terms “additivity, synergism, and subadditivity,” 
which are derived from experimental investigations. 
They are not applicable to the clinical situation and do 
not reflect the results of clinical trials, where changes 
from radiation as a monotherapy to multimodal treat-
ment usually do not result in extraordinarily favorable 
cure rates (or supra-additivity), although they have led 
to important gradual improvement. It appears prudent 
to refer to the term “enhancement of radiation effect” 
within a clinical context.

The smaller the tumor, the higher is the success rate 
of radiation treatment, as illustrated in the Japanese 
study of carbon ion therapy for stage I NSCLC (Miya-
moto et al. 2007). For T1 disease, the local control rate 
was 98% at a median follow-up of 39 months, while it 
was 80% for T2 tumors. With the same modality, 97% of 
choroidal melanoma were locally controlled at 3 years 
(Tsuji et al. 2007). For skull base chondrosarcomas, lo-
cal control was achieved in 90% of the cases at 4 years 
(Schulz-Ertner et al. 2007). In small early-stage 
NSCLC, comparable local control data were published 
for stereotactic radiosurgery with photon beams (Zim-
mermann et al. 2006; Hof et al. 2007). In early, stage Ib 
squamous cell carcinoma of the uterine cervix, radiation 
therapy alone resulted in 5-year survival of 93.5% and 
local control of 92% (Ota et al. 2007). Radiation doses 
that control early stage T1 prostate cancer result in less 
favorable outcome when administered to advanced T3 
disease (Zelefsky et al. 2008). With higher doses and/
or combined radiation and androgen ablation, however, 
high 5- and 10-year local control rates can be achieved 
even in T3 tumors (Zelefsky et al. 2008). Both ex-
perimental and clinical observations have repeatedly 
confirmed the influence of initial tumor volume or cell 
number on local control (Khalil et al. 1997; Zhao 
et al. 2007) and the need for administration of higher 
radiation doses in large-volume disease. The preclinical 
data of radiotherapy under hypoxic and ambient condi-
tions also suggest that the dose-volume relationship is 
present under both conditions, i.e., not just related to 
increasing hypoxia in larger tumors.

Whether surgery and radiotherapy are equally effec-
tive in small-volume disease is difficult to judge as very 
few direct randomized comparisons with sufficient sam-
ple size have been published. One of the best examples 
is probably the French trial comparing 658 breast cancer 
patients with clinically uninvolved lymph nodes, which 
were treated with lumpectomy plus axillary dissection or 
axillary radiotherapy (Louis-Sylvestre et al. 2004). In 
the group with dissected axilla, 21% of the patients were 
node positive. The median follow-up was 180 months. 
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Recurrence in the axillary nodes was less frequent in the 
surgery arm (1% versus 3%, p = 0.04); however, distant 
metastases rates and overall survival were not signifi-
cantly different, suggesting that the small difference in 
axillary control is not clinically meaningful. Different 
non-randomized studies, for example, in patients with 
inflammatory breast cancer initially treated with in-
duction chemotherapy at the University of Texas M. D. 
Anderson Cancer Center in Houston, Texas, USA, also 
suggest that local treatment with either surgery or radio-
therapy is equally effective (Ueno et al. 1997). Compar-
ing urological and radiotherapeutic literature one can 
state that in early prostate cancer (up to T2a category, 
cN0, cM0) the cure rates of radiation treatment and 
prostatectomy do not differ in a significant manner. A 
similar situation exists also for other tumor entities, es-
pecially, for example, for head and neck cancers.

10.2.3  
Aspects Specific to Chemotherapy

Many anticancer drugs are cell-cycle specific and there-
fore most active against cells that are proliferating. 
Thus, the non-proliferating fraction is difficult to eradi-
cate. Tumor regrowth (repopulation) in between cycles 
of therapy also contributes to limited efficacy. Typically, 
one tries to administer the highest possible dose of 
drugs in the shortest possible time intervals. Even the 
use of dose-dense regimens, high-dose treatment with 
bone marrow or hematopoietic stem cell transplanta-
tion, and the development of non-cross-resistant regi-
mens has not yet resulted in cure of the most common 
solid tumors with chemotherapy.

In earlier studies of neoadjuvant chemotherapy for 
locally advanced breast cancer, pathological complete re-
mission (pCR) at surgery was seen in 5–15% of patients 
(typically anthracycline-based regimens) and it was 
found that pCR patients had better long-term outcomes 
(Ferriere et al. 1998; Karlsson et al. 1998). Even with 
modern drug combinations, pCR after neoadjuvant 
chemotherapy (for breast cancer with or without trastu-
zumab) is seen in only 15–38% of breast cancer patients 
(Deo et al. 2003; Smith et al. 2004; Evans et al. 2005; 
Reitsamer et al. 2005; Von Minckwitz et al. 2005; 
Ardavanis et al. 2006; Hurley et al. 2006; Veyret 
et al. 2006; Arnould et al. 2007) and 9–20% of cervi-
cal cancer patients (Buda et al. 2005; Modarress et al. 
2005). In a randomized setting, the pCR rate in cervical 
cancer was much lower after neoadjuvant chemother-
apy alone than after radiochemotherapy (10% versus 
43%; p < 0.05; Modarress et al. 2005). The definitive 
cure rates with chemotherapy alone would certainly be 

lower than the pCR rates, because some surviving clo-
nogenic tumor cells, which are not readily detectable, 
are still present in the histopathological specimen. As 
mentioned above, the curves shown in Fig. 10.1 depend 
on several variables related to patient selection, tumor 
microenvironment and sensitivity, agent and dose, etc. 
They are meant to illustrate the principle; however, the 
results of some neoadjuvant chemotherapy trials dem-
onstrate the variability in the steepness of these curves. 
As a result of the limited efficacy of chemotherapy, cur-
rent studies are trying to enrich the patient population 
that is likely to respond, based, for example, on gene 
signatures or different pathology features that might 
predict the outcome (Minna et al. 2007).

As recently demonstrated from an exploratory anal-
ysis of data from two parallel phase III chemotherapy 
studies in metastatic colorectal cancer, even non-re-
sponders, despite a poorer prognosis than responders, 
achieved extended progression-free and overall survival 
from more effective drug combinations, which were 
tested against older standards (Grothey et al. 2008). 
One of the trials examined IFL (irinotecan, 5-fluoroura-
cil, leucovorin) versus IFL plus the angiogenesis inhibi-
tor bevacizumab, and the other trial compared IFL to 
oxaliplatin, 5-fluorouracil, and leucovorin. The hazard 
ratios for the different study endpoints and drug regi-
mens ranged from 0.63 to 0.76 in responders and non-
responders. In a large analysis of 1,508 patients with 
advanced or metastatic colorectal cancer treated in a 
phase III study, 4% had complete remission after chemo-
therapy alone (Dy et al. 2007). The three treatment arms 
of the study consisted of IFL, oxaliplatin plus 5-fluorou-
racil/leucovorin, and irinotecan plus oxaliplatin. The 
highest rate of complete remissions was 6%, observed in 
the oxaliplatin plus 5-fluorouracil/leucovorin arm. Size 
of the metastases significantly influenced the likelihood 
of complete remission. Of the patients with initial com-
plete remission to chemotherapy, 84% developed pro-
gression within 5 years. The median time to progression 
was 15 months. With second-line chemotherapy, com-
plete remission is even more unlikely in this disease.

10.3  
Attempts to Compare the Efficacy 
of Radio- and Chemotherapy

10.3.1  
Animal Studies

In this section, examples are discussed that are focused 
on the undifferentiated human hypopharyngeal cell line 
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FaDu. This cell line was first described in 1972 and has 
a doubling time in vitro of about 1.2–2.8 days. Extensive 
experiments by the group from Dresden, Germany, are 
summarized in Table 10.1 and compared to data from 
other groups. Among different, but equally sized hu-
man head and neck squamous cell carcinomas growing 
in nude mice, which received total body irradiation be-
fore tumor transplantation, the radiation dose to con-
trol 50% of the tumors (TCD50) after a sufficient follow-
up of 120 days varied tremendously (Yaromina et al. 
2007). After local radiation treatment with 30 fractions 
over 6 weeks, the TCD50 was, for example, 45 Gy for UT-
SCC-8 cells, 85 Gy for FaDu cells, and 127 Gy for SAS 
cells. Thus, FaDu represents a cell line that is neither 
particularly sensitive nor resistant. Another reason for 
focusing on this cell line is the number of data available 
for review. Some in vitro data from experiments with 
FaDu are shown in Table 10.2. Comparable variations 
in sensitivity across a panel of cell lines were made for 

different pharmacological agents and tumor cell lines, 
emphasizing the role of intrinsic sensitivity. As shown 
in Table 10.1, FaDu tumors can be controlled with clini-
cally readily achievable doses of radiation, while the re-
sults of chemotherapy at the maximum tolerated dose 
vary tremendously. Some drug combinations achieve 
better results than the respective single treatments. As 
previously described by other authors, reduction of the 
tumor volume before the start of radiotherapy, in this 
example by the use of epidermal growth factor recep-
tor-tyrosine kinase inhibition, failed to translate into 
improved local tumor control after sufficient follow-up 
(Krause et al. 2007). All these observations question 
the value of clinical strategies where radiotherapy or 
simultaneous radiochemotherapy is preceded by induc-
tion chemotherapy or tyrosine kinase inhibitors. Sum-
marizing this paragraph it is also very important to note 
that one has to be very cautious when transferring ex-
perimental in vitro and in vivo results into the clinical 

Table 10.1. Overview of animal experiments with subcutaneously implanted FaDu tumor cells

Reference Model treatment details Results

Schütze et al. (2007a) Nude mice 
having received 
4 Gy TBI

Ambient conditions without 
anesthesia, air-breathing 
animals

Single dose 25 Gy controlled 29% at day 120 
Single dose 35 Gy controlled 57% at day 120

Krause et al. (2007) Nude mice 
having received 
4 Gy TBI

Ambient conditions without 
anesthesia, air-breathing 
animals

Total doses 8–60 Gy, 5 fractions in 5 days 
Evaluation of tumor control at day 120 
Up to 32 Gy: <25% of tumors are controlled 
TCD50 = 41 Gy 
TCD100 = 60 Gy

Cao et al. (2005) Nude mice Maximum tolerable dose 10–20% cure with capecitabine or irinotecan 
80–90% cure with combination of both agents

Azrak et al. (2004) Nude mice Maximum tolerable dose <30% cure with irinotecan 
0% cure with 5-fluorouracil 
60–100% cure with combination of both agents

Joschko et al. (1997) Nude mice 
having received 
5 Gy TBI

Maximum tolerable dose Daily gemcitabine results in a median time to 
regrowth to 200% of the initial volume of 5 days 
Once weekly gemcitabine results in a median 
time to regrowth to 200% of the initial volume of 
13 days
Twice weekly gemcitabine results in a median 
time to regrowth to 200% of the initial volume of 
16 days

Joschko et al. (1997) Nude mice 
having received 
5 Gy TBI

Ambient conditions without 
anesthesia, air-breathing 
animals

40 Gy in 20 fractions in 2 weeks results in a 
median time to regrowth to 200% of the initial 
volume of 43 days

TBI Total body irradiation

Note that the sensitivity to drug treatment might change with tumor location within the host animal, as described by (Holden 
et al. 1997). In general, time to regrowth is a less valuable and accepted endpoint than local tumor control
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situation. Often one must conclude that experimental 
treatments especially with pharmacological substances 
are highly efficient whereas with corresponding treat-
ments in patients the efficiency cannot be reproduced.

10.3.2  
Clinical Data

Direct randomized comparisons unfortunately are very 
rare. However, the two Stockholm breast cancer trials 
in women treated with modified radical mastectomy 
provide a comparison of postoperative radiotherapy 
and chemotherapy with a median follow-up of 18 years 
(Rutqvist and Johansson 2006). All patients had 
node-positive disease or a tumor diameter exceeding 
30 mm. The radiation dose was 46 Gy in 2-Gy fractions 
to the chest wall, axilla, supraclavicular fossa, and the 
ipsilateral internal mammary nodes. Chemotherapy 
initially consisted of 12 cycles (later 6 cycles) of cyclo-
phosphamide 100 mg/m2 orally on days 1–14, metho-
trexate 40 mg/m2 i.v. on days 1 and 8, and 5-fluorouracil 
600 mg/m2 i.v. on days 1 and 8 (CMF). In the trial that 
included premenopausal patients, 291 were allocated to 
CMF and 256 to radiotherapy. In each arm, 12% were 
node negative. Sixty-two and 64% were estrogen-recep-
tor positive, respectively. Locoregional recurrence was 
observed in 14% after radiotherapy and 24% after che-
motherapy (hazard ratio 0.67, p = 0.048). The absolute 
benefit increased with the number of positive lymph 
nodes. As might be expected, fewer patients developed 
distant recurrence after CMF and the eventual differ-
ence in breast cancer deaths was 50% versus 56%. This 

difference in favor of CMF was not statistically signifi-
cant (p = 0.12), but the sample size was very limited. In 
the trial that included postmenopausal patients, 182 
were allocated to CMF and 148 to radiotherapy. Ten 
and 12% were node negative, respectively. Sixty-seven 
and 68% were estrogen-receptor positive, respectively. 
Locoregional recurrence was observed in 12% after ra-
diotherapy and 26% after chemotherapy (hazard ratio 
0.43, p<0.001). Again, distant recurrence was reduced 
by treatment with CMF, as were breast cancer deaths 
(p = 0.07). While treatment of breast cancer has changed 
to a greater extent after the initiation of these two tri-
als, their results add to the evidence of increased local 
cell kill after radiotherapy compared to systemic che-
motherapy. Data from a subgroup of patients from the 
Stockholm trials suggest that the magnitude of expres-
sion of certain DNA repair proteins (Mre11, Rad50, 
Nbs1) is associated with the favorable response to ra-
diotherapy (Söderlund et al. 2007).

In an observational study in patients with metastatic 
melanoma, local treatment with fractionated radiother-
apy, single-fraction radiosurgery, or hyperthermia each 
was superior to systemic treatment (dacarbazine, fote-
mustine, carboplatin, temozolomide) with regard to lo-
cal response rates (Richtig et al. 2005). Another study 
describes the response rate and time to progression 
in patients with metastatic esophageal cancer treated 
with chemotherapy alone or combined chemo- and 
radiotherapy (Lee et al. 2007). All 74 patients initially 
received two cycles of capecitabine/cisplatin chemo-
therapy. Patients with distant lymph node metastases 
continued with lower doses of the same two drugs plus 
radiotherapy to 54 Gy, while patients with non-lymph 

Table 10.2. Overview of in vitro experiments with the FaDu cell line (cell culture conditions varied between the individual 
reports)

Agent IC50 (μmol/l) Resistance fraction Radiation therapy parameters Reference

Cisplatin 1.02 ± .15 5.3 ± 1.5 Lee et al. (2006)

5-Fluorouracil 7.59 ± 1.15 25.4 ± 1.1

Paclitaxel 1.25 ± 0.57 11.8 ± 2.3

SF 0.1       4.1–4.5 Gy 
SF 0.01     7.3–7.7 Gy

Schütze et al. (2007b)

IC50 Inhibitory concentration at 50% survival, SF 0.1 radiation dose reducing the survival fraction to 1%

IC50 values for FaDu are within the range of those reported for other squamous cell carcinoma, for example, Raitanen et al. 
(2002)

IC50 values for different cell lines treated with the same agent are variable: 3–35 nM, for example, for paclitaxel (Gorodetsky et al. 
1998) and 5–50 nM for docetaxel (Clarke and Rivory 1999)
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node distant metastases continued on full-dose chemo-
therapy. Partial response to the first two cycles was ob-
served in 20% and 15%, respectively (not significantly 
different). After treatment completion, a significant 
difference in favor of radiotherapy-containing treat-
ment was observed (36% versus 63%). Median time 
to progression also was longer, 5.9 versus 8.4 months 
(p = 0.03).

Interesting data can also be derived from various 
recently published randomized studies in stage IIIB/
IV NSCLC. Some of these studies used chemotherapy 
combinations, while one focused on palliative radio-
therapy to the chest (different fractionation regimens) 
with only a few of the patients receiving additional che-
motherapy (Sundstrom et al. 2004). With the lowest 
radiation dose of 17 Gy in 2 fractions, 2-year survival 
was 8%. With 15 fractions of 2.8 Gy, 13% was achieved. 
These figures are very close to those reported by the 
same group with carboplatin/vinorelbine or carbopla-
tin/gemcitabine, i.e., 7% (Helbekkmo et al. 2007), and 
those from studies of cisplatin/vinorelbine (Yasuda 
et al. 2006) or carboplatin/paclitaxel (Paccagnella 
et al. 2006). Although various types of imbalances be-
tween the study populations might exist and some 
chemotherapy patients likely will also have received ra-
diotherapy, the data are compatible with the hypothesis 
that the cell kill induced by commonly used cytostatic 
regimens can only be compared to that of palliative ra-
diotherapy with low to moderate total doses.

While radiotherapy with or without androgen de-
privation has long been accepted as the primary cura-
tive treatment modality in patients with prostate cancer, 
the limited experience with chemotherapy before pros-
tatectomy (docetaxel or epirubicin) suggests that pCR 
is very unlikely. In fact, it was not observed at all in the 
studies by Dreicer et al. (2004), Febbo et al. (2005), 
and Francini et al. (2008). Assuming that surviving 
cancer cells will ultimately result in treatment failure, 
current cytotoxic drugs are not suitable for curative 
treatment in this disease, although their palliative role 
in hormone-refractory disease clearly has been estab-
lished in recent years (Berthold et al. 2008).

In most clinical situations, chemotherapy augments 
the radiation-induced cell kill within the irradiated vol-
ume and may improve distant control. To maximize 
augmentation of cell kill, optimization of parameters 
of drug exposure is necessary. It has been shown, for 
example, that continuous infusion is better than bolus 
administration of 5-fluorouracil. The following example 
illustrates the efficacy of chemotherapy as a radiation 
enhancer. In the large randomized FFCD 9203 trial 
in rectal cancer preoperative radiotherapy (45 Gy in 
25 fractions) resulted in a pCR in 4%, whereas the ad-

dition of 5-fluorouracil and folinic acid improved this 
figure to 12% (Gerard et al. 2005). As recently sug-
gested from the data of patients with glioblastoma who 
received radiotherapy alone or radiotherapy plus temo-
zolomide (Stupp et al. 2005), the effect of the drug in 
combined modality treatment corresponds to the equiv-
alent of 9.1 Gy in 2-Gy fractions (Jones and Sanghera 
2007). In patients treated with neoadjuvant combined 
chemo- and radiotherapy for esophageal cancer (data 
from 26 trials combined), it was estimated that 1 g/m2 
of 5-fluorouracil was equivalent to a radiation dose of 
1.9 Gy and that 100 mg/m2 cisplatin was equivalent to a 
radiation dose of 7.2 Gy (Geh et al. 2006). A combined 
analysis of 14 head and neck cancer trials confirms 
these data (Kasibhatla et al. 2007). With 2–3 cycles of 
cisplatin, carboplatin, and/or 5-fluorouracil containing 
radiochemotherapy regimens, the additional dose cor-
responds to 12 Gy in 2 Gy per fraction daily. In many 
clinical situations, radiation dose escalation by 9–12 Gy 
would result in increased late toxicity risks. Under these 
circumstances, combining radio- and chemotherapy in-
creases the therapeutic window.

While radiation alone can be considered as a cura-
tive treatment in a variety of early-stage solid tumors 
(especially T1-2 N0 M0, for example, skin, anal, cer-
vix, larynx, lung, and prostate cancers, see also above), 
long-term control with chemotherapy alone is rarely 
observed. Even in the adjuvant situation, chemotherapy 
often fails to control micrometastatic disease. Current 
concepts of cancer biology suggest that most traditional 
chemotherapy approaches fail to eradicate cancer stem 
cells, which are slow-cycling cells that often express 
multidrug resistance (MDR) proteins (Miller et al. 
2005). It has been proposed that approaches targeting 
this subpopulation of cancer cells might increase the ef-
ficacy of drug treatment (Korkaya and Wicha 2007). 
Previous strategies of chemotherapy intensification, ei-
ther by local delivery, systemic high-dose treatment, or 
simultaneous administration of several non-cross-resis-
tant drugs, for example, 8-drugs-in-1-day, were mostly 
disappointing (Farquhar et al. 2005). Among newer 
concepts is the so-called metronomic chemotherapy, 
which refers to prolonged administration of compara-
tively low doses of cytotoxic drugs with minimal or no 
drug-free breaks. This strategy is thought to have an 
antiangiogenic basis and shows encouraging results in 
preclinical models (Shaked et al. 2005). It is now also 
combined with maximum-tolerated dose chemother-
apy and targeted agents in vivo (Pietras and Hana-
han 2005). Again we like to mention here that in sum-
mary one has to assume that especially in macroscopic 
but very often also in microscopic tumors the specific 
pathophysiology (vessel architecture, blood flow, inter-
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stitial pressure, etc.) is the predominant biological factor 
minimizing drug efficiency due to an inhomogeneous 
drug distribution within the tumor tissue and leaving 
tumor subvolumes with inefficient drug concentrations 
(Minchinton and Tannock 2006).

10.4  
Interaction of Radiation and Chemotherapy

Therapeutic gain is defined by an increase of tumor 
control and finally survival without a parallel increase 
in the severity of specific side effects (Fig. 10.3). Only 
a few reports are available proving that the combina-
tion of radiation and chemotherapy actually results in 
an increased therapeutic gain. A very nice preclinical 
example is the comprehensive studies with cisplatin 
and 5-fluorouracil in different tumors transplanted into 
mice, which were reported by Kallman et al. (1992). 
In our opinion, this group has demonstrated in an ex-
cellent fashion how clinically relevant experiments of 
radiochemotherapy can be designed. Also worth men-
tioning is a clinical example, a randomized German 
phase III trial (Budach et al. 2005), where a total of 
384 stage III and stage IV head and neck cancer patients 
were randomly assigned to receive either 30 Gy (2 Gy/
day) followed by 1.4 Gy b.i.d. (2 fractions per day) to a 
total dose of 70.6 Gy concurrently with 5-fluorouracil 

and mitomycin C (C-HART) or 14 Gy (2 Gy/day) fol-
lowed by 1.4 Gy b.i.d. to a total dose of 77.6 Gy (HART). 
The overall treatment time was equal in both groups. 
At 5 years, the locoregional control and overall survival 
rates were significantly better in the radiochemotherapy 
arm compared with the radiation-only arm. Interest-
ingly, the maximum acute reactions of mucositis, moist 
desquamation, and erythema were significantly lower 
in the radiochemotherapy arm compared with ra-
diotherapy alone. No differences in late reactions and 
overall rates of secondary neoplasms were observed; 
thus, this trial impressively documents that the combi-
nation of radiotherapy with chemotherapy agents may 
effectively widen the therapeutic window; however, it 
is clear that although the specific toxicities may not be 
increased, new toxicities in terms of hemotoxicity will 
be added; thus, the net effect of radiochemotherapy re-
sults from a cooperation regarding tumor control and, 
in parallel, a diversification of toxicities. Independently 
of the term “therapeutic gain,” the interaction of radia-
tion with chemotherapy follows a precise nomenclature 
based on some groundbreaking theoretical consider-
ations published in the late 1970s (Steel 1979; Steel 
and Peckham 1979). In every case of a scientific de-
scription and quantification of the effects of combined 
modality therapy in appropriate models, it is highly 
recommended to adhere to the proposed nomencla-
ture. The complexity of effects increases with each step 
of investigation, i.e., from cell culture to tumor-bearing 

Fig. 10.3. Therapeutic gain. Therapeutic gain is defined as the resulting benefit when tu-
mor control is weighted against the normal tissue damage. In an ideal setting (left) the 
probability of normal tissue damage is minimal at a dose level with a maximal probability 
of tumor control. More realistically (middle), doses required to achieve local control are 
associated with a certain, but low, probability of normal tissue damage. In situations where 
the doses required to control the tumor are continuously higher than the doses being toxic 
(right), treatment will be palliative in most cases (“worst case”)
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animal to cancer patient (Wurschmidt et al. 2000). A 
thorough examination of all possible treatment combi-
nations and administration schedules for a given drug 
plus radiation is very challenging, as can be seen in the 
publication by Kallman et al. (1992), who studied in 
depth the radiosensitizing effects of cisplatin and other 
chemotherapeutic substances.

10.4.1  
Spatial Interaction

On a large scale, chemotherapy and radiation may be 
effective on several levels. The concept of spatial in-
teraction was devised to mean that chemotherapy and 
radiation act on spatially distinct compartments of the 
body, resulting in a net gain in tumor control. The con-
cept of spatial interaction does not take into account any 
drug–radiation interaction on the level of the tumor it-
self, but rather assumes that radiation or chemotherapy 
would be active in different compartments, respectively. 
In a narrow sense, this concept describes the fact that 
chemotherapy would be employed for the sterilization 
of distant microscopic tumor seeding, whereas radiation 

would achieve local control (Fig. 10.4). Obviously, this 
is a theoretical consideration only, since chemotherapy 
also increases local control and radiotherapy reduces 
distant metastasis via increased local control rates; thus, 
when integrating the concept of spatial interaction into 
a more complete view on combined modality, spatial co-
operation is still of major importance. In a more narrow 
sense, the aspect of spatial interaction is of major impor-
tance when one attempts to adequately cover sanctuary 
sites during multimodality approaches for certain types 
of leukemia and lymphomas. Next to spatial effects, 
several other important mechanisms may increase the 
efficacy of a combined treatment approach. In this re-
gard, inhibition of repopulation and effective killing of 
hypoxic radioresistant cells by medical substances may 
contribute to the efficacy of a combined treatment.

10.4.2  
Role of Repopulation

The fractionated treatment of tumors with ionizing ra-
diation is associated with the phenomenon of repopula-
tion (Kim and Tannock 2005). Speaking simply, a cer-

Fig. 10.4. Spatial interaction. In a classical interpretation (left) the term spatial interaction refers to the fact that che-
motherapy (CHX) is effective on tumor compartments where radiation (XRT) has no efficacy, and vice versa, resulting 
in a generally increased control rate. In a more complex view (right), spatial interaction is relevant on multiple interact-
ing levels: increased local control by radiation reduces the risk of a secondary seeding. Furthermore, the interaction of 
radiation with chemotherapy increases local control; thus, in addition to the classical spatial interaction, several levels of 
interacting feedback loops exist, which increase efficacy of spatial interactions
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tain amount of tumor cells repair the induced damage 
in between two fractions and proliferate. Repopulation 
may neutralize around 0.5 Gy/day; however, the range 
of repopulation is considerably large and may reach 
higher levels (Trott 1990; Baumann et al. 1994; Bu-
dach et al. 1997). Based on these findings, radiation 
biologists advocated the use of accelerated radiation 
schedules; however, the acute and late effects of such ap-
proaches turned out to be more intense so that the final 
value of those approaches in terms of a real therapeutic 
gain remains unclear (Beck-Bornholdt et al. 1997; 
Dische et al. 1997; Horiot et al. 1997). The phenom-
enon of repopulation must also be taken into account 
when trying to design combined modality regimens. 
In theoretical models, cell loss from neoadjuvant che-
motherapy preceding fractionated radiation treatment 
might trigger accelerated repopulation (Fig. 10.5). 
Then, a certain percentage of the daily radiation dose is 
wasted to counteract increased tumor cell proliferation. 

Under such conditions, despite a response to chemo-
therapy, cell survival after radiotherapy is no better than 
after the same course of radiotherapy alone (yet toxicity 
results from both modalities). Accelerated repopulation 
has also been described after treatment of murine breast 
tumors with sequential, weekly cycles of 5-fluorouracil 
and cyclophosphamide (Wu and Tannock 2003).

The clinical observation that the simultaneous 
combination of 5-fluorouracil, mitomycin C, or cis-
platin with radiation is of value in rapidly proliferat-
ing squamous cell cancers has led to the assumption 
that the addition of drugs may influence the potential 
of cancer cells to repopulate. At least for mitomycin C 
this effect was documented precisely using a xenograft 
model (Budach et al. 2002). In this model, transplanted 
tumors were treated with 11 × 4.5 Gy fractionated radia-
tion under ambient conditions with or without mito-
mycin C followed by a graded top-up dose on days 16, 
23, 30, or 37 given under hypoxic conditions. Repopula-

Fig. 10.5a,b. Influence of tumor cell repopulation on outcome. a Cell survival during a fraction-
ated course of radiotherapy depends not only on the proportion of cells killed with each dose (which 
is equal for the two examples shown), but also on the rate of proliferation of surviving cells between 
the fractions, which differs between the two curves. b Hypothetical diagram to illustrate the number 
of surviving cells in a tumor during treatment with radiation alone, or during radiation treatment in 
a tumor that has responded to neoadjuvant chemotherapy (i.e., cell number reduced to 1% at start 
of radiotherapy) but where proliferation has been stimulated. Despite neoadjuvant chemotherapy, 
ultimate cell survival is similar. (From Tannock 1989, 1992)

ba
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tion in the interval between the fractionated treatment 
and the top-up dose accounted for 1.33 Gy top-up dose 
per day in animals not receiving mitomycin C, but only 
0.68 Gy in animals receiving the drug; thus, at least mi-
tomycin C may increase the efficacy of radiation by the 
inhibition of repopulation.

10.4.3  
Role of Hypoxia

As known for years, radiation-induced cell kill is 
strongly dependent on the presence of adequate oxy-
gen tensions. In larger tumors, for example, head and 
neck cancers, areas of hypoxia and even anoxia are 
present leading to an increased radiation resistance of 
clonogenic tumor cells within such areas (Molls and 
Vaupel 1998; Stadler et al. 1999; Nordsmark et al. 
2005; Wouters et al. 2005). It has been speculated 
that chemotherapeutic agents, especially those killing 
even hypoxic cells, may overcome global radiation re-
sistance simply by killing radioresistant hypoxic cells, 
thereby being of special value in highly hypoxic tumors 
(Teicher et al. 1981; Rockwell 1982).

Comparing the effects of several cytostatic drugs 
in combination with radiation on the growth of a C3H 
mammary carcinoma, it turned out that cyclophosph-
amide, adriamycin, and mitomycin C had the most sig-
nificant effect on the proportional cell kill of hypoxic 
cells. In contrast, bleomycin and cisplatin did not ex-
ert strong effects on hypoxic cells (Grau and Over-
gaard 1988). In addition, it has clearly been shown 
that tumor blood flow in xenografts is increased after 
mitomycin C treatment (Durand and LePard 1994). 
Using two different squamous cell carcinomas, the lat-
ter authors tested the drug’s influence on the outcome 
of radiation treatment with or without hypoxia (Du-
rand and LePard 2000). The authors reported neither 
an increased killing of hypoxic cells by mitomycin C 
nor a consistent increase in tumor blood flow rates; 
however, mitomycin C in combination with radiation 
was associated with a slight increase in cell killing of 
hypoxic subpopulations of the xenograft system. Based 
on this observation it was concluded that the efficacy 
of a combined treatment with mitomycin C and ra-
diation cannot be rationalized on either a complemen-
tary cytotoxicity or on drug-induced improvement in 
tumor oxygenation secondary to an increased blood 
flow.

In the case of paclitaxel it has been tested whether 
the enhanced killing by the combination of paclitaxel 
and radiation is connected to the presence of oxygen. 

Using an MCA-4 xenograft system, the authors could 
show that in the absence of oxygen the paclitaxel-medi-
ated change of the TCD50 value is strikingly less promi-
nent (Milas et al. 1994, 1995); thus, it can be concluded 
that at least in part the influence of paclitaxel on the ra-
diation response is mediated via an optimized oxygen-
ation. In a clinical trial of neoadjuvant chemotherapy 
in breast cancer, paclitaxel significantly decreased the 
mean interstitial fluid pressure and improved oxygen-
ation, effects which were not observed in a randomized 
control group receiving doxorubicin (Taghian et al. 
2005).

In conclusion, several sets of data indicate that the 
efficacy of chemotherapy in combination with radiation 
may be related to an increased oxygenation of hypoxic 
tumors; however, it still remains speculative whether or 
to what amount the efficacy of a combined treatment is 
strictly related to specific influences on the hypoxic cell 
compartment (Fig. 10.6).

10.5  
Molecular Interactions

10.5.1  
DnA Damage

One of the underlying molecular aspects of the efficacy 
of the combination of radiation and chemotherapy, 
which has been understood in more detail, is the influ-
ence on DNA repair. The induction of DNA damage is 
probably one of the most crucial events after irradiation 
of cells. In this regard, ionizing radiation triggers a wide 
array of lesions including base damage, single-strand 
breaks, and notably, double-strand breaks (DSB). After 
irradiation, different molecular systems are involved in 
recognition and repair of the damage. Whereas most of 
the induced damage is quickly repaired, DSB repair is 
slow and unrepaired DSBs are considerably important 
for the final induction of cell death.

Many chemotherapeutic agents, especially those 
known to be of value in combination with radiation, 
also induce considerable DNA damage or interfere with 
effective DNA repair; therefore, two general patterns 
of interactions may be separated: (1) the combination 
of the drug with radiation directly leads to more dam-
age and (2) the drug may interact with the DNA repair 
pathway thus increasing the level of DNA damage more 
indirectly; however, one has to assume that none of the 
potential mechanisms acts without the other in real 
settings.
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Cisplatin, for example, acts by complex formation with 
guanosine residues and subsequent adduct formation 
ultimately resulting in intra- and interstrand crosslinks. 
This type of damage is mostly removed by base excision 
repair and mismatch repair. Several sets of data suggest 
that single-strand damage induced by radiation in close 
vicinity to DNA damage triggered by cisplatin results in 
a mutual inhibition of the damage-specific repair sys-
tem; thus, the amount of resulting damage leads to an 
increased net cell kill (Begg 1990; Yang et al. 1995).

Similarly, etoposide, which is a strong topoiso-
merase IIa-directed toxin, induces DSBs mostly dur-
ing the S-phase of the cell cycle (Berrios et al. 1985; 
Earnshaw and Heck 1985). Again, several lines of evi-
dence show that the combination of both agents results 
in a strongly increased level of damage (Giocanti et al. 
1993; Yu et al. 2000).

The biochemical pathways involved in DNA repair 
and DNA synthesis overlap in several regards; thus, 
drugs acting on the synthesis of DNA putatively also 
interfere with the repair of DNA damage after applica-

tion of ionizing radiation. Several prototypical radiation 
sensitizers may act via these mechanisms. Besides cis-
platin, 5-fluorouracil is probably the most commonly 
employed drug in clinical combined modality settings. 
Basically, 5-fluorouracil inhibits thymidylate synthase 
thereby reducing the intracellular pool of nucleoside 
triphosphates (Pinedo and Peters 1988; Miller and 
Kinsella 1992). In addition, the drug is integrated into 
DNA via fluorodeoxyuridine, also contributing to its 
antineoplastic effects. Several lines of evidence suggest 
that the amount of 5-fluorouracil integrated into DNA 
directly correlates with the radiosensitizing effect. In ad-
dition, the complementation of the cell culture medium 
with higher levels of thymidine reverses the effects of 
5-fluorouracil on the radiation sensitivity (Lawrence 
et al. 1994; McGinn et al. 1996).

Gemcitabine, which is another radiation sensitizer, 
was also shown to deplete the pool of deoxynucleosides 
and is integrated into DNA. The drug is known to exert a 
pronounced radiosensitizing effect in squamous cancer 
cells, as well as adenocarcinoma cells from pancreatic 

Fig. 10.6. Mechanisms of chemoradiation on a cellular level. At least four major mechanisms contribute to 
the efficacy of the combination of radiation with chemotherapy. In general, the addition of chemotherapy 
adds to the combined effect simply by an additional independent killing of clonogenic tumor cells. This 
mechanism is backed up by several other more interactive pathways: chemotherapy may induce a certain 
reassortment of tumor cells in more vulnerable phases of the cell cycle, chemotherapy may reduce the level 
of repopulation during a course of fractionated radiotherapy, and, finally, chemotherapy may partially over-
come hypoxia-mediated radiation resistance
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cancer. In vitro this effect was especially pronounced 
during the S-phase passage (Robertson et al. 1996; 
Lawrence et al. 1997; Rosier et al. 1999). Although 
few data regarding the mechanistic basis of the inter-
action between radiation and gemcitabine are available, 
the exact mechanism remains elusive. The radiation-
sensitizing effect was seen over a prolonged time period 
(~48 h) after incubation of HT29 cells with low doses of 
gemcitabine (100 nm). During the first 48 h the level of 
S-phase cells increased, whereas the amount of deoxy-
nucleosides remained low even up to 72 h (Shewach 
et al. 1994; Lawrence et al. 1997); thus, it seems likely 
that the depletion of the deoxynucleoside pools in com-
bination with an increased killing of cells in S-phase is a 
mechanism responsible for an enhanced radiation sus-
ceptibility mediated by gemcitabine.

10.5.2  
Radiation Sensitization 
Via Cell Cycle Synchronization

The fact that striking differences in the radiation sensi-
tivity occur as cells move through the different phases 
of the cell cycle has stimulated the speculation that the 
efficacy of a combined treatment may also be related to 
possible effects on the reassortment of cells in more vul-
nerable cell cycle phases.

Several experimental settings provide evidence that 
cell cycle effects are involved in the modulation of the ef-
ficacy of combined modality approaches. In this regard 
the use of a temperature-sensitive p53 mutant allows the 
analysis of cell cycle effects. The underlying hypothesis 
was that fluoropyrimidine-mediated radiosensitization 
occurs only in tumor cells that inappropriately enter S-
phase in the presence of drug resulting in a subsequent 
repair defect of the radiation-induced damage. The use 
of the mutated p53 allowed p21-mediated arrest prior to 
S-phase entry when cells are grown under 32°C, in con-
trast to no arrest in cells grown at the non-permissive 
temperatures of 38°C. The radiation-sensitizing effect of 
fluoropyrimidine was directly connected to the lacking 
G1 arrest when cells were grown under non-permissive 
temperatures; thus, the fluoropyrimidine-mediated 
radiosensitization clearly requires progression into S-
phase (Naida et al. 1998).

In an extension of these findings, Naida et al. 
(1998) analyzed the effects of fluorodeoxyuridine on the 
radiation sensitivity in HT29 and SW620 human colon 
cancer cells under nearly complete inhibition of thy-
midylate synthase (both cell lines harbor a similar p53 
mutation). Interestingly, only the HT29 cells were sen-
sitized. As an underlying feature, the authors found that 

only the HT29 cells progressed into S-phase and dem-
onstrated increased cyclin E-dependent kinase activity. 
In contrast, SW620 cells were found to be arrested just 
past the G1-S boundary and an increase in kinase activ-
ity was not detectable; thus, the findings underline the 
requirement of an S-phase transition for the efficacy of 
halogenated fluoropyrimidines in combination with ra-
diation. These findings also highlight the role of mol-
ecules involved in cell cycle regulation as key players 
for the modulation of a combined modality approach 
(McGinn et al. 1994; Lawrence et al. 1996a–c). In ad-
dition to the fact that the S-phase transition is required 
for the radiosensitization effect, it has also been shown 
that fluoropyrimidines under defined dosage conditions 
facilitate the accumulation of cells in S-phase (Miller 
and Kinsella 1992).

In addition to the findings on halogenated fluoro-
pyrimidines, several other sets of data obtained with 
paclitaxel suggest that an increased radiation sensitivity 
occurred at the time of a taxane-induced G2-M block; 
however, the situation for taxane combinations is highly 
complex in so far as other data provide evidence that the 
mitotic arrest is not sufficient for the effects of paclitaxel 
(Geard and Jones 1994; Hennequin et al. 1996). The 
picture becomes even more complicated when taking 
into account that radiation was shown to decrease the 
net killing of taxanes (Sui et al. 2004). In this regard, it 
has been shown that the combination of paclitaxel and 
gamma radiation did not produce a synergistic or addi-
tive effect in a breast cancer and epidermoid cancer cell 
model. Instead, the overall cytotoxicity of the combina-
tion was lower than that of the drug treatment alone. 
In particular apoptosis induction was found to be strik-
ingly reduced. A detailed analysis revealed that radia-
tion resulted in cell cycle arrest at the G2 phase prevent-
ing the G1-M transition-dependent cytotoxic effects of 
paclitaxel. Furthermore, radiation inhibited paclitaxel-
induced IκBα degradation and bcl-2 phosphorylation 
and increased the protein levels of cyclin B1 and inhibi-
tory phosphorylation of p34(cdc2).

Taken together, the impact of chemotherapy-in-
duced cell cycle alterations as a major mechanism for 
the efficacy of the combined action is still questionable. 
In clinical settings, the importance of an adequate cell 
cycle progression for the efficacy of radiochemother-
apy approaches has been impressively documented. 
In the case of a neoadjuvant 5-fluorouracil-based ra-
diochemotherapy for rectal cancer, it has been shown 
that a decrease of the cell cycle inhibitory protein p21 
during neoadjuvant treatment is strongly associated 
with an improved disease-specific survival. This finding 
has been corroborated by the observation that a paral-
lel increase of the expression level of the proliferation 

Quantitative Cell Kill of Radio- and Chemotherapy 183



marker ki-67 is similarly associated with an improved 
outcome (Rau et al. 2003); thus, preclinical findings on 
the action of 5-fluorouracil in combination with radia-
tion are clearly reflected by clinical observations.

10.6  
Potential Influences on Programmed 
Cell Death Pathways

In order to inactivate a tumor cell, several distinct yet 
overlapping pathways may be activated. Besides the in-
duction of pure apoptosis, other cell inactivation mo-
dalities, including programmed necrosis, mitotic catas-
trophe, senescence, or terminal differentiation, may be 
triggered (Belka 2006). The influence of a combined 
modality treatment on any of these end points has never 
been analyzed in greater detail; thus, only very few data 
are available showing that the combination of paradig-
matic radiation sensitizers with radiation quantitatively 
alters the induction of certain predefined mechanisms 
of cell death (Fig. 10.7).

In the case of gemcitabine, the efficacy of a com-
bined treatment in terms of apoptosis induction has 
been analyzed in more detail using HT29 colon cancer 
cells, UMSCC-6 head and neck cancer cells, and A549 
lung cancer cells. A key feature was that all cell systems 

differ substantially in the ability to undergo radiation-
induced apoptosis, with HT29 being the most apopto-
sis-sensitive cell in this experimental setting. It turned 
out that the radiosensitization of HT29 cells was ac-
companied by an increase in apoptosis, whereas in UM-
SCC-6 cells and A549 cells, the radiosensitizing effect 
was mediated via non-apoptotic mechanisms; thus, this 
effect is rather a cell-type-specific feature than a general 
property of the drug.

In the case of definitive treatment approaches in 
esophageal or rectal cancer, the importance of apopto-
sis signaling has been documented. Esophageal cancer 
patients with lack of the proapoptotic Bax molecule 
have significantly reduced outcome rates (Sturm et al. 
2001). Similar findings have been observed for neoad-
juvant radiation or radiochemotherapy in patients with 
rectal tumors with a low expression of Bax (Chang 
et al. 2005; Nehls et al. 2005).

10.7  
Effects of Protracted Drug Exposure

More than 30 years ago, in vitro studies demonstrated 
increased efficacy when tumor cells were exposed to 
mitomycin C or several other drugs for a prolonged 
time (Shimoyama 1975). This finding was confirmed 

Fig. 10.7. Mechanisms of chemoradiation on a molecular level. The most prominent points of 
interaction of radiation with chemotherapy being of importance for the efficacy of a combined mo-
dality treatment are found on the level of DNA damage induction and repair, cell death induction, 
and cell cycle control
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in clinical trials of continuous infusion versus bolus 
5-fluorouracil (Seifert et al. 1975). Furthermore, and 
probably related to avoidance of peak concentrations, 
reduced normal tissue toxicity was observed. In prin-
ciple, these divergent effects on tumor and normal tis-
sues improve the therapeutic window. Considering 
tumors, longer exposure times of 5-fluorouracil result 
in enhanced cell killing also in the context of simulta-
neous radiation therapy (Moon et al. 2000). A com-
bined analysis of more than 3,100 patients with rectal 
cancer treated with preoperative radiochemotherapy 
demonstrated that the pCR rate was significantly higher 
when continuous infusion 5-fluorouracil was used, 
as compared with other modes of delivery (Hartley 
et al. 2005). Protracted exposure is also currently being 
tested for other drugs such as temozolomide. Whether 
such regimens hold promise depends on the mode of 
action of the drug, cell-cycle specificity, pharmacoki-
netics, etc.

10.8  
Conclusion

A large body of in vitro results and data from animal ex-
periments and clinical trials show very clearly the high 
efficacy of radiotherapy and the fact that cell kill from 
chemotherapy is often comparable to that of rather low 
doses of radiation. The underlying principles are now 
better understood than in earlier decades. They provide 
the basis for development of improved methods of deliv-
ery, modification of blood flow and microenvironment, 
measures to counteract resistance and metabolization, 
and, maybe most importantly, rationally designed com-
bination treatment. Compared with the relatively ho-
mogeneous models used for description of experimen-
tal end points, the clinical situation is complicated by a 
very complex tumor biology with changes in physiolog-
ical and microenvironmental parameters over time, and 
even differences between the primary tumor itself and 
regional lymphatic metastases, which receive identical 
treatment. There has been a long-lasting interest in pre-
diction of individual response, for example, by means of 
pretherapeutic ex vivo chemosensitivity testing in cell 
culture or determination of molecular marker genes 
(Shimizu et al. 2004; Staib et al. 2005). More recently, 
treatment monitoring early during a course of chemo-
therapy or radiochemotherapy by means of positron 
emission tomography, diffusion magnetic resonance 
imaging, and other biological imaging methods has 
shown promising results (Weber 2005). Nevertheless, 
treatment individualization, also with regard to nor-

mal tissue toxicity and drug metabolism, for example, 
based on single nucleotide polymorphisms (Efferth 
and Volm 2005; Robert et al. 2005), continues to be an 
area of active investigation.
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11.1  
Introduction

The development of a large number of targeted agents 
has introduced tremendous opportunities as well as 
challenges to the field of oncology. Although most 
agents show limited single drug potential for the cure 
of common solid neoplasms, they can prolong patient 
survival in selected tumor types and, most importantly, 
enhance the existing therapies for a variety of cancers. 
Improvements have been achieved in the treatment of 
hematological malignancies, colorectal cancer, renal 
cancer, lung cancer, head and neck cancer, breast cancer, 
and liver cancer. Because these agents do not cause side 
effects similar to those of cytotoxic drugs and radiation 
therapy, their combination with current conventional 
chemotherapy and radiotherapy is usually feasible. How 
to best combine these new agents with radiation and 

chemotherapy requires intensive and persistent efforts 
from both clinicians and research scientists.

The combination of radiation therapy and chemo-
therapy is shown to be superior to radiation alone in 
both tumor response and patient survival for a number 
of malignancies. New classes of agents are being devel-
oped and rapidly introduced into clinical use. These 
agents target one or more of the processes that play im-
portant roles in the malignant phenotype. These new 
drugs include specific antibodies against growth factors 
or their receptors and small molecules that interfere with 
signal transduction pathways regulating the cell cycle, 
gene transcription, and survival in cancer cells. Some 
of the drugs have a single specific target, whereas oth-
ers may have multiple targets. A few have shown cura-
tive potential and others play a more adjuvant role. The 
rapid developments of such broad categories of drugs 
have created great challenges as well as the opportunity 
for basic, translational, and clinical researchers to eval-
uate and integrate them into clinical use. Importantly, 
because the targets of this therapy are processes that are 
dysregulated only in cancer cells, these agents do not 
share the same side effects in normal tissues of the con-
ventional cytotoxic chemotherapy and radiation, their 
combination with radiation therapy has attracted sig-
nificant interest among radiation oncologists.

11.2  
Classes of Targeted Therapy Agents

A great number of molecularly targeted agents have 
been approved (Table 11.1) and more are being devel-
oped and are in various stage of clinical testing (Arora 
and Scholar 2005; Dancey and Chen 2006; Gerber 
2008; Murdoch and Sager 2008). Because tyrosine 
kinase activity is involved in many key steps of signal 
transduction pathways, the majority of the agents are 
tyrosine kinase inhibitors (TKIs). Their targets are in-
dicated in Fig. 11.1. Most signal transduction pathways 
initiate with receptor proteins with an extracellular do-
main for interaction with their ligands (usually growth 
factors) and an intracellular domain with tyrosine kinase 
activity. Once the receptors interact with ligands, the re-
ceptor kinase is activated, causing a cascade of reactions 
leading to gene transcription and protein production. 
Any elements in the signal transduction pathway can 
be potential targets. The first few approved agents were 
antibodies against surface antigens or growth receptors. 
Examples of these receptors are epidermal growth factor 
receptor (EGFR) family, such as her-2/neu and platelet-
derived growth factor receptors (PDGFR). Some of the 

K E Y  P O I n T S

 New classes of agents that target one or more  •
of the processes that play important roles in the 
malignant phenotype are rapidly being intro-
duced into clinical practice. These new drugs 
include specific antibodies against growth fac-
tors or their receptors and small molecules that 
interfere with signal transduction pathways 
regulating the cell cycle, gene transcription, 
and survival in cancer cells.

 Examples of targets are epidermal growth fac- •
tor receptor family and platelet-derived growth 
factor receptors, as well as vascular endothelial 
cell growth factor and its respective receptors. 

 Solid tumors usually have multiple abnormal  •
pathways or genetic changes so that a single 
drug often is not sufficient for permanent tu-
mor suppression.

 In metastatic colorectal cancer treatment, two  •
agents were approved almost simultaneously, 
cetuximab and bevacizumab.

 Combined with radiotherapy, targeted drugs,  •
such as cetuximab, have already demonstrated 
their clinical potential. 

 Ongoing preclinical work has improved and  •
will continue to improve our understanding of 
the underlying mechanisms and thus form the 
basis for further refinement.
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antibodies are against the growth factor itself, such as 
vascular endothelial cell growth factor (VEGF).

Among small-molecule TKIs, one of the more suc-
cessful agents is imatinib mesylate. Imatinib mesylate is 
a TKI of the fusion oncoprotein Bcr-Abl, a gene prod-
uct driving the development of chronic myelogenic leu-
kemia (CML). A major reason for the effectiveness of 
Imatinib is CML transformation in many instances only 
requires Bcr-Abl. In these cases inhibition of Bcr-Abl 
activity is sufficient to provide long-term control of the 
disease. Solid tumors usually have multiple abnormal 

pathways or genetic changes so that a single drug usu-
ally is not sufficient for permanent tumor suppression. 

Other classes of the targeted agents have demon-
strated impressive activity in several tumor lines. In this 
chapter, we discuss the various classes of the targeted 
agents, provide examples of their use against com-
mon malignancies both alone and in combination with 
chemotherapy and radiation therapy, and discuss how 
these agents may be rationally combined in order to 
target multiple dysregulated pathways simultaneously. 
These agents can be divided into classes according to 

Table 11.1. The targeted agents that are approved by the FDA for treatment of various malignancies. EGFR epidermal growth fac-
tor receptor, Her-2 EGFR-2 (ERBB2), VEGF vascular endothelial growth factor, VEGFR VEGF receptor, PDGFR platelet-derived 
growth factor receptor, c-KIT a tyrosine kinase receptor encoded by c-kit oncogene, FLT-3 Fms-like tyrosine kinase 3, RET a re-
ceptor tyrosine kinase encoded by proto-oncogene ret, BCR-ABL an oncogene protein and a tyrosine kinase encoded by a fusion 
oncogene by t(9:22) translocation, SRC a tyrosine kinase encoded by c-Src gene, a cellular version of viral oncogene v-Src, m-TOR 
mammalian target of rapamycin

effects of agents target Class of molecules FDA-approved indications

Growth inhibition

  Trastuzumab (Herceptin) Her-2/neu Antibody Her-2 overexpressing breast cancer

  Cetuximab (Erbitux) EGFR Antibody CRC, HNC

  Panitumumab (Vectibix) EGFR Antibody CRC

  Gefitinib (Iressa) EGFR Small molecule NSCLC

  Erlotinib (Tarceva) EGFR Small molecule NSCLC, pancreas cancer

  Lapatinib (Tykerb) EGFR, Her-2 Small molecule Breast cancer

  Bevacizumab (Avastin) VEGF Antibody CRC and NSCLC

  Sunitinib (Sutent) VEGFR, PDGFR, 
c-KIT, FLT-3, RET

Small molecule GIST, RCC

  Sorafenib (Nexavar) VEGFR, PDGFR, 
FLT3, Raf, RET

Small molecule RCC, HCC

Protein turnover

  Bortezomib (Velcade) Proteasome Small molecule Multiple myeloma

oncoprotein

  Imatinib (Gleevec) BCR-ABL, PDGFR, 
c-KIT

Small molecule CML, ph(+) ALL, GIST

  Dasatinib (Sprycel) BCR-ABL, SRC, c-KIT Small molecule CML, ph(+) AML

Intracellular signal transduction

  Temsirolimus (Torisel) m-TOR Small molecule RCC

Cell surface antigen

  Rituximab (Rituxan) CD20 Antibody Lymphoma
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the type of molecules (antibodies vs small molecules) 
or their targeted cells (tumor cells vs angiogenesis). We 
discuss these agents according to their targeted biologi-
cal processes.

11.2.1  
Inhibitors of Kinase Signaling Pathways

As noted above, inhibitors of EGFR receptors and ima-
tinib mesylate represent the prototypical forms of sig-
naling inhibitors. Although imatinib mesylate is highly 
active in chronic phase CML, it is less active in acceler-

ated phase and blast phase disease (Sawyers et al. 2002). 
It also has some, albeit limited, activity in Philadelphia+ 
acute lymphocytic leukemia (ALL; Champagne et al. 
2004). The Raf/MEK/ERK pathway is also frequently 
dysregulated in cancer. Such findings have prompted 
the development of multiple inhibitors of this pathway 
at the level of the MAP2K (MEK1/2), e.g., PD184352, 
and more recently, the multi-kinase Raf-1 inhibitor 
sorafenib. Mutations, particularly those associated with 
internal tandem repeats, in the Flt3 protein are found in 
as many as 20−30% of patients with acute myelogenic 
leukemia (AML), and are thought to contribute to the 
pathogenesis of the disease. Several FLT-3 inhibitors, 
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Fig. 11.1. Simplified representation of receptor tyrosine kinase pathways. Stars indicate the tar-
gets of currently approved agents. EGF epidermal growth factor, EGFR EGF receptor, PI3K phos-
phoinositide-3-kinase, MEK mitogen-activated protein kinase, ERK extracellular signal regulated 
kinase (also known as MAP kinase), Shc src homology collagen protein, Akt RAC-alpha serine/
threonine-protein kinase or protein kinase B, mTOR mammalian target of rapamycin, BAD Bcl-Xl 
bcl family proteins, SOS son of sevenless (an activator of Ras protein), Grb Growth-factor receptor-
bound protein
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including PKC412, are currently being evaluated in leu-
kemia associated with FLT-3 mutations. Because dys-
regulation of these pathways in all likelihood contribute 
to-but are not primarily responsible for-the develop-
ment of leukemia, the activity of the corresponding in-
hibitors as single agents is significantly less than that of 
imatinib mesylate in CML.

TKIs also include antibodies against growth factors 
and their receptors. Several antibody agents have been 
approved for clinical use for multiple cancers. Two ex-
amples of these agents are bevacizumab (Avastin) and 
cetuximab (Erbitux). Avastin is a recombinant human-
ized antibody that binds vascular endothelial growth 
factor (VEGF) and inhibits angiogenesis that is required 
for tumor growth. Erbitux is also a humanized mono-
clonal antibody and is against epidermal growth factor 
receptor (EGFR) and inhibits tumor growth by block-
ing EGF interaction with its receptors. Both agents were 
approved for the treatment of multiple solid tumors.

11.2.2  
Cell Cycle Inhibitors

Dysregulation of the cell cycle traverse is a cardinal 
characteristic of neoplastic cells (Kastan and Bartek 
2004). For this reason, the development of cell cycle 
inhibitors has become the focus of intense interest. 
Flavopiridol is a semisynthetic flavone that is a broad 
inhibitor of cyclin-dependent kinases (CDKs) and was 
the first CDK inhibitor to enter the clinic (Senderow-
icz 1999). Flavopiridol kills human tumor cells at con-
centrations in the sub-micromolar range (Arguello et 
al. 1998). Recently, the lethal effects of flavopiridol have 
been related to its ability to inhibit the cyclin T/cdk9 
complex, which phosphorylates and activates RNA 
PolII, thereby down-regulating various short-lived pro-
survival proteins, including MCL-1 and p21CIP1/WAF1 
(Chao and Price 2001). UCN-01 is also a CDK inhibi-
tor that was originally developed as a PKC inhibitor, but 
which has subsequently been shown to inhibit various 
other signaling/cell cycle regulatory pathways, includ-
ing PDK1/AKT and CHK1 (Sato et al. 2002; Zhao et 
al. 2002). Most recently, the CDK inhibitor CYC202, the 
R-enantiomer of R-roscovitine, a purine analog CDK 
inhibitor, has entered the clinic.

11.2.3  
Histone Deacetylase Inhibitors

Gene transcription is regulated by diverse factors, in-
cluding those involved in the modification of chroma-

tin structure. The acetylation of core histones is recip-
rocally regulated by histone acetylases and deacetylases 
(HDACs; Sengupta and Seto 2004; Peterson and 
Laniel 2004). In general, acetylated histones assume 
a less compact structure rendering DNA more acces-
sible to co-activator complexes thereby promoting gene 
transcription. HDACs also form complexes with co-
repressors, and in so doing interfere with transcription 
of genes involved in leukemic cell maturation (Marks 
et al. 2003). For these reasons, the development of 
HDAC inhibitors has been the focus of intense inter-
est. Several classes of HDAC inhibitors have entered 
the clinical arena, including hydroxamates such as 
SAHA (vorinostat) and LAQ824, cyclic tetrapeptides 
such as depsipeptide, and short-chain fatty acids such 
as phenylbutyrate and valproic acid (Marks and Jiang 
2005; Rosato and Grant 2003). Initial single agent 
evidence of activity in patients has been noted (Gar-
cia-Manero and Issa 2005); however, while HDACIs 
have been shown to induce a differentiation response 
in tumor cells in vitro, their true anti-tumor activity 
may stem from their capacity to induce apoptosis. This 
phenomenon has been related to induction of oxidative 
damage, up-regulation of death receptors, and disrup-
tion of heat shock protein (HSP90) function, among 
other mechanisms (Yu et al. 2002; Ruefli et al. 2001; 
Insinga et al. 2005).

11.2.4  
Proteasome Inhibitors

The catalytic component of the 26S proteasome is re-
sponsible for the degradation of diverse cellular pro-
teins, including those involved in regulation of signal-
ing, cell cycle, and survival pathways, among others 
(Almond and Cohen 2002). Proteasome inhibitors 
have been shown to induce cell death in neoplastic cells 
while largely sparing their normal counterparts (An et 
al. 1998). The mechanism by which proteasome inhibi-
tors trigger the cell death process has not been clearly 
defined but may involve accumulation of pro-apoptotic 
proteins such as p53 and Bax (Almond and Cohen 
2002; An et al. 1998). In addition, proteasome inhibi-
tors, by blocking proteasomal degradation of IκBα, dis-
rupt the NF-κB pathway, which is critically involved in 
protection of cells from various noxious stimuli (Peter-
son and Laniel 2004). Recently, the boronic anhydride 
proteasome inhibitor Velcade has shown impressive ac-
tivity in B-cell neoplasms, including multiple myeloma 
and certain forms of non-Hodgkin’s lymphoma (Zan-
gari et al. 2005).
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11.2.5  
HSP90 Antagonists

HSP90 is involved in the proper folding and mainte-
nance of diverse proteins involved in cell cycle regula-
tion and signaling (Workman 2004). Disruption of 
HSP90 function results in protein misfolding, leading 
in turn to proteasomal degradation (Neckers and Ivy 
2003). Geldanamycin analogs, such as 17AAG, have 
been shown to disrupt the function of a variety of sig-
naling proteins, including Raf-1, AKT, EGFR2, and 
ERK1/2, among others, which can induce cell death 
and sensitize tumor cells to the actions of various cy-
totoxic drugs (Hostein et al. 2001). As noted above, 
HDAC inhibitors, particularly those that interfere 
with the function of HDAC6, can induce acetylation 
of HSP90, and thus act as HSP90 antagonist mimetics 
(Bali et al. 2005).

11.2.6  
Small-Molecule  
BCL-2 Family Modulators

Cell death and survival decisions are reciprocally regu-
lated by the balance between a large family of pro- (e.g., 
BAX, BAK, BAD, etc.) and anti-apoptotic (e.g., BCL-
2, BCL-XL, MCL-1, A1, c-FLIP-s, XIAP etc) proteins 
(Reed 1998). There has been extensive interest in at-
tempts to shift the balance away from survival and 
toward apoptosis in tumor cells through the use of 
various molecules that regulate these apoptotic modu-
lators. For example, antisense oligonucleotides directed 
against BCL-2 (G3139) have been employed clinically 
in an attempt to lower the apoptotic threshold for es-
tablished cytotoxic drugs (Marcucci et al. 2003). An 
alternative approach involves the use of small molecules 
that interfere with the actions of various anti-apoptotic 
proteins, including BCL-2, BCL-XL and MCL-1 an-
tagonists (HA14-1, ABT-737, Obatoclax; Wang et al. 
2000; Oltersdorf et al. 2005), and antagonists of 
XIAP (Schimmer et al. 2004). Lastly, efforts to activate 
the receptor-related, extrinsic apoptotic pathway have 
focused on the development of agents such as TRAIL 
(TNF-related apoptosis inducing ligand) and TRAIL 
agonist antibodies (Pan et al. 1997), which may selec-
tively target neoplastic cells due to the presence of de-
coy receptors on normal host target tissues (Sheridan 
et al. 1997).

11.2.7  
Translational Factor Inhibitors

Mammalian target of rapamycin (mTOR) is an intra-
cellular serine/threonine kinase downstream of diverse 
signal transduction pathways such as those initiated by 
EGFR, VEGF, activated Ras, estrogen receptor, and nu-
trients. It is involved in regulation of cell proliferation, 
angiogenesis, and cell survival. Its main downstream 
targets are translational proteins (S6K1, 4E-BP1). Acti-
vation of mTOR leads to ribosome biogenesis, mRNA 
translation, and cell proliferation. It also is involved in 
mediating cell survival by regulating Bcl-2, Mcl-1, and 
cFlip. mTOR inhibitors are shown to cause cell growth 
arrest and cell death. Multiple mTOR inhibitors have 
been tested for the treatment of cancer. One example 
of these inhibitors is temsirolimus, which is shown to 
significantly improve the survival of patients with ad-
vanced renal cell carcinoma.

11.3  
Targeted Therapy of Common Malignancies

11.3.1  
Hematological Malignancies

11.3.1.1  
Chronic Myelogenic Leukemia

Chronic myelogenic leukemia (CML) is caused by a 
chromosomal translocation that leads to the fusion 
of the ABL oncogene on chromosome 9q34 with the 
breakpoint cluster region (BCR) on chromosome 
22q11.2, t(9;22)(q34;q11.2), cytogenetically termed the 
Philadelphia chromosome (Ph; Nowell and Hunger-
ford 1961). Because Bcr-Abl protein is a constitutively 
active tyrosine kinase that activates many signal trans-
duction pathways, including Ras/Raf/mitogen acti-
vated protein kinase (MAPK), phosphatidylinositol 3 
kinase, STAT5/Janus kinase, and Myc, expression of 
Bcr-Abl alone is sufficient to trigger CML transfor-
mation. Imatinib mesylate is a highly active and spe-
cific tyrosine kinase inhibitor. In the pivotal phase-III 
trial, Imatinib demonstrated 98% response rate, 92% 
major cytogenetic responses, and 87% complete cyto-
genetic responses by 5 years (Druker et al. 2006). It 
now represents first-line standard therapy for CML. 
The majority of patients treated with imatinib mesy-
late are disease-free on maintenance doses; however, 
drug resistance occurs, either due to amplification of 
Bcr-Abl, or more frequently, mutations in the Bcr-Abl 
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kinase domain. Recently, several new agents with high 
response rates and excellent tumor control have been 
approved for imatinib-resistant CML. FDA approved 
dasatinib after multiple phase-II clinical trials demon-
strated 31−59% durable response in patients with CML 
refractory to imatinib (Hochhaus et al. 2007; Cortes 
et al. 2007; Guilhot et al. 2007). One exception to this 
is resistance due to mutation of a specific gatekeeper re-
gion of the Bcr-Abl kinase (i.e., T315I), which confers 
resistance to both first- and second-generation Bcr-Abl 
kinase inhibitors (Ray et al. 2007). Interestingly, cells 
bearing such mutations appear sensitive to third-gen-
eration dual Bcr-Abl and aurora kinase inhibitors such 
as VX-680 (MK-0457), and good responses have been 
obtained with such agents in patients resistant to ima-
tinib and dasatinib (Dai et al. 2008).

11.3.1.2  
Acute Leukemia

Approximately 30% of patients with AML exhibit dys-
regulation of the FLT3 oncogene, due either to muta-
tion or amplification of internal tandem repeats (ITD) 
(Lee et al. 2005). Such abnormalities carry a relatively 
poor prognosis. This has prompted the development of 
FLT3 inhibitors for such patients (e.g., PKC-412), either 
as monotherapy, or more commonly, in combination 
with standard anti-leukemic regimens (Weisberg et al. 
2002; Stone et al. 2005; Furukawa et al. 2007).

Epigenetic forms of therapy are also the subject of 
intense interest for the treatment of AML and related 
disorders such as the myelodysplastic syndrome (MDS). 
For example, inhibitors of DNA methyltransferase, such 
as 5-azacytidine or 5-deoxyazacytidine, have shown 
significant activity in patients with MDS (Momparler 
2005; Wijermans et al. 2005; Muller et al. 2006). They 
are believed to act by inhibiting methylation of genes 
involved in cell differentiation, and allowing gene re-ex-
pression. In addition, combination regimens employing 
hypomethylating agents in combination with histone 
deacetylase inhibitors (e.g., vorinostat), which enhance 
gene expression by modifying chromatin acetylation, 
have also shown promising preliminary results in pa-
tients with MDS and AML.

11.3.1.3  
Lymphoma

Rituximab is the first molecularly targeted agent ap-
proved for clinical use. It is an antibody against lympho-
cyte surface protein CD20. The function of CD20 and 

the mechanism of Rituximab cell killing are not clearly 
understood, but Rituximab rapidly reduces CD20 posi-
tive cells and therefore is effective against B-cell lympho-
mas, including aggressive large B-cell lymphoma, folli-
cular lymphoma, and even the CD20-positive nodular 
lymphocyte-predominant Hodgkin’s lymphoma. It has 
become standard treatment for non-Hodgkin’s lympho-
mas, alone or in combination depending on the type of 
tumors. In addition, radiolabeled CD20 antibody (Zev-
alin and Bexxar) are also approved for chemorefractory 
lymphomas. Multiple new agents are in development 
and being tested in clinical trials.

11.3.1.4  
Chronic Lymphocytic Leukemia

Chronic lymphocytic leukemia (CLL) is an accumula-
tive disease of mature B lymphocytes. Rituximab, either 
alone or in combination with fludarabine, has proved to 
represent a highly effective form of therapy for this dis-
ease. In addition, Alemtuzumab (Campath; anti-CD52) 
has also been shown to be very active in CLL, although 
it has significant immunosuppressive activity. More re-
cently, a novel infusional schedule of the CDK inhibitor 
flavopiridol has shown impressive activity in patients 
with refractory CLL.

11.3.1.5  
Multiple Myeloma

Bortezomib (Velcade) is the first FDA-approved 
pro teasome inhibitor for multiple myeloma. The 
ubiquitin−proteasome pathway is the major complex 
for degradation of intracellular proteins, including 
proteins that are involved in signal transduction path-
way regulating cell growth and death. Inhibition of this 
system leads induction of apoptosis by mechanisms 
yet to be determined; however, it has been shown that 
myeloma cells are highly dependent upon activation of 
the NF-κB pathway for their survival, and that myeloma 
cells frequently display dysregulation of this pathway. 
It is thought that proteasome inhibitors, by blocking 
the degradation of IκBα, which binds to and sequesters 
NF-κB in the cytoplasm, thereby preventing nuclear 
translocation, inhibit NF-κB activation and thus induce 
myeloma cell death. Velcade has been approved for the 
treatment of myeloma refractory to other therapies, and 
more recently, relapsed mantle cell lymphoma.

In addition to proteasome inhibitors, immunomod-
ulatory agents, such as thalidomide and lenalidomide, 
have also shown significant activity in multiple my-

The Impact of Molecularly Targeted Therapy in Multi-Modality Therapy 197



eloma. The mechanism by which they act is not known 
with certainty but is felt to involve, at least in part, anti-
angiogenic effects.

11.3.2  
Breast Cancer

Twenty-five to 30% percent of breast cancers present 
with Her-2/neu (EGFR2) amplification and gene over-
expression. The Her-2/neu oncoprotein is a receptor ty-
rosine kinase belonging to EGFR family. The antibody 
against Her-2/neu protein Trastuzumab (Herceptin) 
is a humanized monoclonal antibody that selectively 
binds with high affinity to the extracellular domain of 
the HER-2 receptor kinase. It was approved in 1998 for 
metastatic breast cancer with Her-2 amplification and 
was one of the first targeted therapy agents approved for 
breast cancer treatment. This approval was based on a 
large clinical trial of 469 patients with metastatic breast 
cancer and who were not previously treated for meta-
static breast cancer. This study showed the combination 
of Herceptin with chemotherapy significantly increase 
tumor response rate, response time, and progression-
free survival; there was a trend of overall survival ben-
efits.

Herceptin was recently approved for early Her-2 
positive breast cancer as adjuvant therapy following 
chemotherapy. In combined analysis of two multi-
center trials (NSABP B31 and NCCTG N9831), adding 
52 weeks of Herceptin to standard chemotherapy re-
duced recurrence (local, distant, or death) by 52%, and 
was associated with 33% reduction of deaths (Romond 
et al. 2005). This finding was also demonstrated in the 
European trial (Piccart-Gebhart et al. 2005). In 
these trials, Herceptin was found to be beneficial in all 
subgroups of early Her-2 positive breast cancers, re-
gardless of tumor size, nodal status, and hormone re-
ceptor status. Herceptin is currently approved only for 
node-positive patients. One of the major toxicities of 
Herceptin is cardiomyopathy, which leads to left ven-
tricular dysfunction and heart failure (2.9−4.1% in the 
combined analysis). This makes it problematic for com-
bination treatment with paclitaxel, a standard chemo-
therapy agent for breast cancer with significant cardiac 
toxicity.

HER2 kinase is also a target for small-molecule in-
hibitors. One of the most exciting agents recently ap-
proved specifically for Her-2-positive breast cancer is 
lapatinib (Tykerb), an effective inhibitor against both 
EGFR and Her-2. This new agent was approved in 
March 2007 for use in combination with capecitabine 
for the treatment of patients with advanced or metastatic 

breast cancer whose tumors overexpress HER2 and who 
have received prior chemotherapy therapy including an 
anthracycline, a taxane, and Herceptin. The efficacy in 
combination with capecitabine in breast cancer were 
tested in a randomized trial (Geyer et al. 2006). Pa-
tients with locally advanced or metastatic HER2 over-
expressing breast cancer who failed prior treatment, 
including taxanes, anthracyclines, and Herceptin, were 
randomized to receive either lapatinib plus capecitabine 
or capecitabine alone. The study was terminated early 
because interim analysis showed significant increase in 
time to progression (TTP; 27.1 vs 18.6 weeks) and in 
the response rates (23.7 vs 13.9%) favoring combina-
tion group. The most frequent adverse reactions dur-
ing treatment with combination were diarrhea (65%), 
palmar-plantar erythrodysesthesia (PPE, 53%), nausea 
(44%), rash (28%), vomiting (26%), and fatigue (23%). 
In general, lapatinib is well tolerated.

Angiogenensis is a major target for cancer therapy, 
and it has been extensively studied in breast cancer. 
Avastin is recently approved for breast cancer. The ef-
fectiveness of Avastin in metastatic breast cancer is 
based on an improvement in progression free survival 
in two clinical trials (study 7 or E2100 and study 8 or 
AVF2119). In a randomized, multicenter study (study 7 
or E2100) for first-line use, patients who had not re-
ceived chemotherapy for locally recurrent or metastatic 
breast cancer were randomized to receive either pacli-
taxel alone or in combination with Avastin (Miller et 
al. 2007). The addition of Avastin to paclitaxel resulted 
in an improvement in PFS with no significant improve-
ment in overall survival, but the median PFS was 11.3 
vs 5.8 months for the Avastin plus paclitaxel arms vs 
the paclitaxel alone, respectively. Partial response rates 
in patients with measurable disease were higher with 
Avastin plus paclitaxel: 48.9 vs 22.2%, although no com-
plete responses were observed. The use of Avastin for 
early breast cancer has been studied, showing promis-
ing results, but is not currently approved by FDA.

11.3.3  
Colorectal Cancer

Two agents were approved almost simultaneously in 
early 2004 for metastatic colorectal cancer, Erbitux 
and Avastin. The efficacy of Erbitux alone or in com-
bination with irinotecan were studied in a multicenter, 
randomized, controlled clinical trial (329 patients) and 
in combination with irinotecan in an open-label, single-
arm trial (138 patients; Cunningham et al. 2004). All 
patients were diagnosed with EGFR-expressing, meta-
static colorectal cancer, whose disease had progressed 
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after receiving an irinotecan-containing regimen. The 
median duration of response in the overall population 
was 5.7 months in the combination arm and 4.2 months 
in the monotherapy arm. Compared with patients ran-
domized to Erbitux alone, patients randomized to Er-
bitux and irinotecan experienced a significantly longer 
median time to disease progression. A single agent in a 
multicenter, open-label, single-arm clinical trial in pa-
tients with EGFR-expressing, metastatic colorectal can-
cer who progressed following an irinotecan-containing 
regimen showed a low response rate of 9%, with a me-
dian duration of response of 4.2 months (Saltz et al. 
2004). Interestingly, the response did not correlate with 
EGFR positivity. These studies led to its approval for the 
treatment of EGFR-expressing, metastatic colorectal 
carcinoma in patients who are refractory to irinotecan-
based chemotherapy. Erbitux is also tested against best 
supportive care, showing a significant survival benefit 
(Jonker et al. 2007).

Avastin was approved nearly at the same time as 
Erbitux. Two randomized clinical trials evaluating 
Avastin in combination with intravenous 5-fluorou-
racil-based chemotherapy were conducted. The first 
study was a randomized, double-blind clinical trial 
of more than 800 patients testing Avastin as first-line 
treatment of metastatic colorectal cancer (Hurwitz 
et al. 2004). The primary end point was overall sur-
vival. The patients were treated with either bolus-IFL 
(irinotecan, 5-fluorouracil, and leucovorin) plus pla-
cebo (Arm 1), or bolus-IFL plus Avastin (Arm 2). This 
study showed a significant increase in overall survival 
(20.3 vs 15.6 months), progression-free survival (10.6 
vs 6.2 months), and response rate (45 vs 35%) favoring 
Avastin group. The smaller second study was designed 
to evaluate Avastin in combination with 5-fluorouracil 
and leucovorin as the first-line treatment for metastatic 
colorectal cancers. This study also showed a significant 
increase in response rate as well as progression-free and 
overall survival (Kabbinavar et al. 2005). In one of the 
largest studies, Avastin was also found to be effective 
as a second-line agent in combination with oxaliplatin, 
fluorouracil, and leucovorin (FOLFOX4) for previously 
treated metastatic colorectal cancer (Giantonio et al. 
2007).

11.3.4  
Lung Cancers

Lung cancer is a leading cause of cancer deaths world-
wide, and the outcome of treatment has not signifi-
cantly improved for decades. There is strong interest in 
molecularly targeted therapy for lung cancer in hope to 

improve survival. Again, there are two pathways that 
play an important role in lung cancer, EGFR and VEGF. 
EGFR is frequently overexpressed in non-small cell lung 
cancer (NSCLC) (>70%). The first agent for the treat-
ment of NSCLC was gefitinib (Iressa), a small-molecule 
inhibitor of EGFR, which was approved by FDA under 
accelerated approval regulations for the treatment of 
patients with locally advanced or metastatic NSCLC 
after failure of both platinum-based and docetaxel che-
motherapies. Multiple studies showed single-agent ef-
ficacy (Kris et al. 2003; Simon et al. 2003; Santoro 
et al. 2004; Fukuoka et al. 2003). Among the patients 
treated in the U.S., partial tumor responses occurred in 
15 of 142 evaluable patients for a response rate of 10.6% 
overall. Responses occurred in 9 of 66 patients receiv-
ing 250 mg/day (13.6%) and 6 of 76 patients receiving 
500 mg/day (7.9%). Median duration of response was 
7.0 months (range 4.6−18.6+ months; Cohen et al. 
2004). Iressa failed to improve treatment outcome or 
survival in combination with chemotherapy in multiple 
randomized clinical trials. Currently, Iressa is not ac-
tively used for NSCLC.

A second EGFR inhibitor approved in late 2004 is 
erlotinib (Tarceva). This approval was based on a large, 
randomized, double-blind, placebo-controlled phase-
III trial (study BR.21) evaluated the use of single-
agent Tarceva for the treatment of patients with locally 
advanced or metastatic NSCLC after failure of at least one 
prior chemotherapy regimen (Shepherd et al. 2005). 
There was statistically significant and clinically relevant 
prolongation in overall survival and progression-free 
survival for patients treated with Tarceva compared 
with patients receiving placebo. In this study, the hazard 
ratio (HR) for death in the Tarceva arm relative to the 
placebo arm estimated from the primary analysis was 
0.73 indicating that Tarceva reduced the risk of death 
by 27% compared with placebo. Stable disease was 
observed in 35.1% of Tarceva-treated patients with 
measurable disease, compared with 26.5% of placebo-
treated patients, for a CR+PR+SD rate of 44.0 and 27.5%, 
respectively. This difference was statistically significant 
(p = 0.004). The responses obtained with Tarceva were 
durable: for patients with measurable disease, the 
median response duration was 34.3 weeks, ranging 
from 9.7 to 57.6+ weeks; however, as for Iressa, two 
randomized, double-blind, placebo-controlled phase-
III trials (TALENT and TRIBUTE trials) investigated 
Tarceva in combination with standard chemotherapy as 
first-line treatment for patients with advanced NSCLC 
(Gatzemeier et al. 2007; Herbst et al. 2005). Both 
trials failed to show survival benefit. The addition of 
Tarceva does not prolong survival over chemotherapy 
alone.
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Mutational analysis of EGFR may help to identify 
patients who might respond to TKI. In a study of ge-
fitinib for lung cancer, mutation was found in the ty-
rosine kinase domain of EGFR in 8 of 9 responders but 
in none of 7 patients who did not respond (Lynch et al. 
2004). Interestingly, adenocarcinoma histology, female 
gender, absence of smoking history, and Asian ethnicity 
appear to be predictive of gefitinib response; however, 
EGFR expression level may not be predictive. 

Avastin was studied in NSCLC and approved in 
2006 for NSCLC treatment in combination with carbo-
platin and paclitaxel for the initial systemic treatment 
of patients with unresectable, locally advanced, recur-
rent or metastatic, non-squamous, non-small cell lung 
cancer. An improvement in survival time was reported 
when Avastin was added to a standard chemotherapy 
regimen. A multi-center clinical trial supporting this 
approval enrolled 878 patients who had not received 
prior chemotherapy (Sandler et al. 2006). The trial 
compared the effectiveness of Avastin plus carboplatin 
and paclitaxel with chemotherapy by carboplatin and 
paclitaxel alone. The median overall survival time for 
patients in the Avastin plus carboplatin and paclitaxel 
arm was 12.3 vs 10.3 months for patients receiving only 
carboplatin and paclitaxel.

11.3.5  
Head and neck Cancer

Despite the fact that many agents have been evaluated 
for head and neck cancer (HNC), the only FDA ap-
proved agent thus far is Erbitux, which is used in combi-
nation with radiation therapy (RT). The drug has shown 
a significant increase in locoregional tumor control and 
survival when combined with radiation as compared 
with radiation alone. In a phase-III randomized trial of 
424 patients with stage-III/IV SCC of the oropharynx, 
hypopharynx, or larynx who had no prior therapy, pa-
tients were either treated with Erbitux plus RT (211 pa-
tients) or RT alone (213 patients; Bonner et al. 2006). 
Erbitux was administered as a 400 mg/m2 initial dose, 
followed by 250 mg/m2 weekly for the duration of RT 
(6−7 weeks), starting 1 week before RT. The RT was 
administered for 6−7 weeks as once daily, twice daily, 
or concomitant boost. The median survival time was 
49 months on the Erbitux plus RT arm vs 29.3 months 
observed in patients receiving RT alone. The median 
duration of locoregional control was 24.4 months in 
patients receiving Erbitux plus RT vs 14.9 months for 
those receiving RT alone.

Erbitux has shown its efficacy in recurrent and 
metastatic HNC as well. A single-arm trial of Erbitux 

monotherapy in 103 patients with recurrent or meta-
static SCCHN after failure of platinum-based therapy 
reported a response rate of 12.6%. Median response 
duration was 5.8 months (Vermorken et al. 2007). 
Combination of Erbitux with chemotherapy is much 
superior to chemotherapy alone in metastatic cancer 
patients. In a large European study of 442 patients with 
recurrent or metastatic SCCHN, the median survival 
was increased from 7.4 to 10.1 months with addition of 
Erbitux to chemotherapy (carboplatin or cisplatin plus 
5-FU; presented at ASCO 2007). EGFR plays an impor-
tant role in HNC, and a number of molecular agents are 
being tested in clinical trials, including Iressa and Tar-
ceva. For the most part the clinical results appear to be 
disappointing.

11.3.6  
Renal Cell Carcinoma

Newly available targeted therapy is particularly im-
portant for advanced renal cancer, because there is no 
existing effective chemotherapy for this disease. In the 
past two decades, immunotherapy has been the main 
treatment modality but with limited success. Recent 
development and approval of a few new agents provide 
a ray of hope for this patient population. The genetic 
or molecular changes in renal cancers provide ample 
targets for this new therapy. Besides the abnormal 
changes in signal transduction pathways seen in other 
cancers, a high proportion of renal cancers have ab-
normal von Hippel-Lindau (VHL), a tumor suppressor 
gene. Absence of the active VHL gene product causes 
dysfunction of the hypoxia-inducible system and ac-
cumulation of growth factors such as VEGF (Krieg et 
al. 2000; Na et al. 2003). The search for molecular ab-
normalities proves to be fruitful. Thus far, there are four 
targeted agents approved for advanced or metastatic re-
nal cancer, including sorafenib, sunitinib, temsirolimus, 
and Avastin.

The first agent approved by FDA for renal cancer is 
sorafenib (Nexavar), a multi-kinase inhibitor. Its targets 
include Raf-, VEGF-, and PDGF-signaling pathways. 
The Raf family kinase is part of a signal transduction 
cascade that transmits growth factor-mediated prolifer-
ative signals from the extracellular environment to the 
nucleus of the cell, it is also a part of pathway mediated 
by activated Ras. Nexavar is effective in tumors with 
raf gene mutations as well as with activated ras. In the 
larger phase-III, international, multicenter, randomized 
trial, the patients with advanced renal cell carcinoma 
who had received one prior systemic therapy were 
treated with Nexavar or placebo, the median time to tu-
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mor progression or death in the Nexavar treated arm 
was 167 days compared with 84 days in control group 
(Escudier et al. 2007a). However, only 2% of Nexavar 
patients had a confirmed partial response; therefore, the 
gain in PFS in Nexavar-treated patients was primarily 
due to stable disease. Overall survival was longer for 
Nexavar than placebo. In another randomized trial in 
patients with metastatic malignancies, including RCC, 
202 patients with advanced RCC were enrolled into the 
study (Ratain et al. 2006). After the initial 12 weeks of 
Nexavar therapy, patients were monitored at week 24, 
for the 65 randomized patients, the progression-free 
rate was significantly higher in patients randomized to 
Nexavar (16 of 32, 50%) than in patients randomized 
to placebo (6 of 33, 18%). Progression-free survival was 
significantly longer in the Nexavar group (163 days) 
than in the placebo group (41 days).

Another Raf kinase inhibitor, sunitinib (Sutent), was 
approved in 2006 based on a multi-center, international 
randomized trial enrolling 750 patients with treatment-
naïve metastatic renal cell carcinoma (Motzer et al. 
2007). In that study, patients were randomized to re-
ceive either Sutent or interferon-α (IFN-α). Common 
metastatic sites included lung, lymph nodes, bone, and 
liver. There were 96 events (25.6%) of progression/death 
on Sutent compared with 154 events (41.1%) on IFN-α. 
Median progression-free survival was 47.3 weeks for 
Sutent-treated patients and 22.0 weeks for patients 
treated with IFN. Objective response rate on the Sutent 
arm was 27.5 vs 5.3% on IFN-α arm.

Temsirolimus is an mTOR (mammalian target of 
rapamycin) inhibitor. mTOR has multiple downstream 
targets, including cell translational machinery. Temsi-
rolimus demonstrated clinical efficacy with significantly 
increased survival of renal cancer patients. In a clini-
cal trial, 626 patients were randomized to one of three 
arms: interferon alfa (IFN) alone (n = 207); temsiroli-
mus 25 mg alone (n = 209); or the combination of tem-
sirolimus 15 mg and IFN (n = 210; Hudes et al. 2007). 
Temsirolimus was associated with a statistically signifi-
cant improvement in overall survival when compared 
with IFN. The median OS was 10.9 months on the tem-
sirolimus arm and 7.3 months on the IFN arm. Progres-
sion-free survival was 5.5 months on the temsirolimus 
arm and 3.1 months on the IFN arm. The combination 
of temsirolimus 15 mg and IFN did not increase sur-
vival over temsirolimus alone but was associated with 
increased toxicity.

Because VHL mutation leads to increase in angio-
genesis, it plays a central role in renal cancer carcino-
genesis (Na et al. 2003). Anti-angiogenesis has been 
proven to be a successful strategy. Avastin has been 
shown to improve progression-free survival of patients 

with metastatic RCC in phase-III trials both in the U.S. 
and Europe (Yang et al. 2003; Escudier et al. 2007b), 
and was approved for treatment of RCC.

11.3.7  
Hepatocellular Carcinoma

In the past 30 years, no chemotherapy clinical trial for 
advanced hepatocellular carcinoma (HCC) has dem-
onstrated any survival benefit for a long list of drugs. 
Recently, multiple new agents have been found to be 
effective against HCC, one of which is Nexavar, which 
has been approved for HCC. An international random-
ized placebo-controlled trial in patients with inoper-
able hepatocellular carcinoma showed a significant in-
crease in survival (Llovet et al. 2008). The study was 
designed to compare the survival of a group of patients 
who received the drug against a group of similar pa-
tients who did not. A total of 602 patients were studied. 
Patients received either Nexavar or a placebo. The trial 
was stopped after a planned interim analysis showed a 
statistically significant advantage in overall survival for 
the patients who had received Nexavar. Patients who 
received Nexavar survived a median of 10.7 months, 
while patients who received placebo survived a median 
of 7.9 months. This study established Nexavar as first-
line treatment for advanced HCC patients. Recently, 
this drug was tested in an Asian population and was 
found to be effective as well (presented at ASCO annual 
meeting 2008).

11.3.8  
Others

Gastrointestinal stromal tumors (GIST) are the most 
common mesenchymal tumors of GI tract. GIST was 
found to have gain-of-function mutation of the kit gene. 
The Kit gene encodes KIT receptor tyrosine kinase, 
whose structure is similar to that of PDGFR. Imatinib 
mesylate, a potent inhibitor of Bcr-Abl oncoprotein, 
showed inhibitory effect on KIT. Imatinib was then suc-
cessfully applied to the treatment of GISTs (Heinrich 
et al. 2003; van Oosterom et al. 2002; Blanke et al. 
2008). Despite various mutations of Kit, and that PD-
FGR-alpha genes have been found in GISTs, most GISTs 
are imatinib sensitive. Imatinib is not only efficacious in 
advanced GIST, but also to reduce recurrence after re-
section for early GIST. After long-term administration 
of imatinib, however, new imatinib-resistant clones de-
velop a secondary mutation of the Kit or PDGFR-alpha 
gene. New drugs and adjuvant regimens against such 
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secondary progression are now being intensively ex-
plored. Sunitinib was later approved for the patients who 
develop resistance to, or who do not tolerate, imatinib.

11.4  
Radiation and Targeted Therapy 
in Cancer Cell Killing

11.4.1  
Ionizing Radiation and Activation 
of Common Signal Transduction Pathways

Ionizing radiation is used as a primary treatment for 
many types of cancer. Multiple laboratories have shown 
that EGFR is rapidly activated in response to the irra-
diation of multiple tumor cell types in vitro (Willers 
and Held 2006; Bentzen et al. 2005; Astsaturov et 
al. 2006; Chinnaiyan et al. 2006; Kim et al. 2006; Ka-
vanagh et al. 1995; Balaban et al. 1996). Low-dose, 
clinically relevant radiation exposure (~2 Gy) activates 
EGFR, and by heterodimerization, other members of 
the EGFR family (EGFR2, EGFR3, EGFR4); thus, al-
though the irradiation of cells causes death, it also can 
enhance proliferation in the surviving fraction of cells 
and promote long-term resistance to multiple cytotoxic 
stresses. Exposure of carcinoma cells to clinically rel-
evant low doses of ionizing radiation promotes the gen-
eration of reactive oxygen and reactive nitrogen species, 
with subsequent inactivation of protein tyrosine phos-
phatases, followed by the activation of the substrates 
of the tyrosine phosphatases, the growth factor recep-
tor tyrosine kinases (TKs) in the plasma membrane 
(EGFR family of receptors). Receptor activation within 
several minutes of exposure enhances the activities of 
RAS family transducer molecules that mediate signal-
ing from the membrane environment, causing the ac-
tivation of multiple cytosolic signal transduction path-
ways. Intracellular pathways, such as the RAF-ERK1/2 
and PI3K-AKT pathways, play a role in the long-term 
effects of cell survival from toxic stresses and the regula-
tion of cell growth. Studies in the late 1990s argued that 
a ~2-Gy radiation exposure caused levels of EGFR1 and 
ERK1/2 pathway activation similar to those observed 
by growth-stimulatory EGF concentrations (0.1 nM) 
~30 min after exposure (Todd et al. 1999; Bowers et al. 
2001); thus, ionizing radiation has the potential to pro-
mote the tyrosine phosphorylation and activation of in-
tracellular pathways via PTPase inhibition at the level of 
the EGFR family receptor, and possibly, though not yet 
proved, also at the level of the tyrosine phosphorylated 
mitogen-activate protein kinase (MAPK) proteins.

11.4.2  
EGFR Receptors and Paracrine Ligands 
as Survival Modules

After observations demonstrating the initial radiation-
induced activation of the EGFR approximately 0–10 min 
after exposure, it became evident that the EGFR also 
were reactivated approximately 60–180+ min after ir-
radiation. The primary mode of receptor activation at 
these later times occurred via a paracrine/autocrine 
mechanism (Dent et al. 1999; Shvartsman et al. 
2002). The initial activation of EGFR1 and the ERK1/2 
pathway was directly responsible for the cleavage, re-
lease, and functional activation of pre-synthesized para-
crine ligands, such as pro-transforming growth factor 
(TGF)-α, that fed back onto the irradiated tumor cell, 
and potentially in vivo onto unirradiated distant tu-
mor cells, thereby re-energizing the signaling system 
(Hagan et al. 2004). Increasing the radiation dose from 
2 to 10 Gy enhances both the amplitude and duration of 
the secondary activation of EGFR1 and the secondary 
activation of the intracellular signaling pathways, sug-
gesting that radiation can promote a dose-dependent 
increase in the cleavage of pro-TGF-α that reaches a 
plateau at approximately 10 Gy (Dent et al. 1999; Sh-
vartsman et al. 2002). In contrast to the secondary re-
ceptor and pathway activations, primary receptor and 
signaling pathway activations appear to come to a pla-
teau at 3–5 Gy.

The expression of paracrine factors in tumor cells 
can change in the short-term (hours) and in the long-
term (weeks) after irradiation, as potentially can the 
expression of the growth factor receptors that bind the 
factors. For example, in the instances of RAS–ERK1/2 
signaling and p53 transcriptional function, the activi-
ties of which can be increased shortly following radia-
tion exposure, in a variety of cells, these proteins act to 
enhance the expression of autocrine factors such as HB-
EGF and epiregulin (Fang et al. 2001). However, loss of 
p53 function can also alter EGFR1 expression; for exam-
ple, in comparing HCT116 wild-type and HCT116 p53 
–/– cells, EGFR1 expression is reduced, and both wild-
type and mutant p53 proteins have been shown to regu-
late the EGFR1 promoter (Sheikh et al. 1997; Nishi et 
al. 2001). In MCF7 mammary carcinoma cells exposed 
to multiple low doses of radiation, the expression of 
EGFR1 and TGF-α was noted to rise, and the expression 
of the estrogen receptor to decline (Schmidt-Ullrich 
et al. 1992). These findings argue that the activation by 
radiation of EGFR family receptors and downstream 
pathways has the potential to be influenced, in both the 
short- and long-term, by the amount of prior radiation 
exposure a cell has received and the mutational status of 
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p53 and RAS proteins. Collectively, these observations 
argue that radiation generates signals within tumor cells 
that promote activation of growth factor receptors and 
signaling pathways that in turn promote the release of 
paracrine ligands from cells, leading to the reactivation 
of receptors and intracellular signaling pathways.

Signaling by EGFR family of receptors is, in general, 
believed to be pro-proliferative and cytoprotective, 
and inhibition of EGFR function has been explored 
in great detail by many drug companies and academic 
research laboratories as a mode of cancer therapy. 
Thus, when signaling from the EGFR family receptors 
is blocked, either by use of inhibitory antibodies 
(Cetuximab, Panitumumab, Matuzumab, Pertuzumab, 
Bevacizumab); or low molecular weight inhibitors 
of receptor TKs (Erlotinib, Gefitinib, Lapatinib, 
Canertinib), tumor cell growth can be reduced and in 
addition the sensitivity of these cells to being killed by 
a wide variety of noxious stresses increased (reviewed 
in Shelton et al. 2005; Baselga and Arteaga 2005; 
Dassonville et al. 2007). In-vitro and xenograft 
tumor animal model studies have strongly argued that 
inhibition of EGFR function using single drug/antibody 
dosing has radiosensitizing effects (Bianco et al. 2002; 
Chinnaiyan et al. 2005; Harari 2007). One example 
of the synergistic effects of the combination of radiation 
and anti-EGFR treatment was shown in animal studies; 
the combination of radiation and Erbitux produced 
lasting inhibition of tumor growth while radiation 
or Erbitux alone caused only temporal growth delay 
(Huang and Harari 2000). However, as a collective 
group, clinical trials in which the modulation of EGFR 
function was a primary goal for improved therapeutic 
outcomes have been considerably less successful in 
terms of tumor control than predicted based on in-vitro 
studies as well in animal studies (Harari and Huang 
2006).

Several possible explanations could exist as to why a 
drug effect observed in vitro or in animals did not trans-
late into as profound an anti-tumor effect in patients:
1. The required inhibitory concentration of the drug 

and the drug half-life are not achievable and are too 
short for a therapeutic effect, respectively, in pa-
tients.

2. The relative dependency (addiction) of cultured tu-
mor cell isolates on EGFR signaling, including ex-
pression of hyperactive EGFR mutants (e.g., EGFR1 
L858R), when compared with actual tumors in pa-
tients, may be biased based on in-vitro studies that 
use established cell lines. Additionally, the develop-
ment of drug-resistant EGFR mutants in patients 
after long-term exposure to EGFR inhibitors (e.g., 
EGFR1 T790M) may preclude drug actions.

3. Exposure of tumor cells in vitro to kinase and other 
inhibitors, such as tamoxifen, has argued that com-
pensatory activation of parallel growth factor recep-
tors (such as the IGF-1 receptor and c-Kit) occurs to 
replace the loss of EGFR signaling caused by drug 
exposure, and acts to maintain tumor cell survival 
(Kwak et al. 2005; Thomas et al. 2005; Hutcheson 
et al. 2006).

4. The EGFR inhibitors that are often used in therapy 
only inhibit one EGFR family member, such as 
EGFR1, and, in a similar conceptual manner to the 
third point, other EGFR family members, such as 
EGFR2, may provide compensatory survival signal-
ing to overcome loss of survival signaling from the 
inhibited receptor.

5. The development of other somatic mutations in sur-
vival signaling with the tumor cell, such as loss of 
PTEN (phosphatase and tensin homologue deleted 
in chromosome 10) function, which may be se-
lected for in tumor cells undergoing EGFR inhibitor 
therapy, will lead to the development of tumor cells 
that are more resistant in general to the inhibitors of 
growth factor receptors.

11.4.3  
Circumvention of EGFR Receptor Signaling 
Addiction: Activating Mutations in RAS 
and PI3K Signaling

The role of RAS signaling in terms of regulating ra-
diosensitivity directly downstream of plasma mem-
brane receptor TKs has also been investigated by many 
groups, with comparative data using cells from diverse 
genetic backgrounds arguing that mutated active H-, 
K-, and N-RAS proteins protect cells from the toxic ef-
fects of ionizing radiation by activating the PI3K path-
way (Yacoub et al. 2006; Ihle et al. 2005; Gupta et al. 
2000, 2001). In HCT116 colon cancer cells expressing 
activated K-RAS D13, radiosensitivity was linked to 
signaling by the ERK1/2 pathway (Caron et al. 2005). 
Studies by others have also demonstrated that HCT116 
cells expressing active K-RAS use the ERK1/2 pathway 
as a primary signal to protect themselves from the toxic 
effect of radiation and, in these experiments, isogenic 
HCT116 cells expressing active H-RAS V12 (with ex-
pression of active K-RAS D13 deleted) were noted to 
use the PI3K pathway as a primary signal to protect 
themselves from radiation toxicity (Shonai et al. 2002). 
This suggests different RAS family members, H-RAS 
and K-RAS, have the potential to generate qualitatively 
different radioprotective signals via activating different 
downstream signal transduction pathways.
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Data from several groups have demonstrated that 
the PI3K pathway is a key radio-protective pathway 
downstream of receptors and RAS proteins. Inhibition 
of PI3K pathway function by use of small-molecule in-
hibitors radiosensitizes tumor cells expressing mutant 
active RAS molecules or wild-type RAS molecules that 
are constitutively active due to upstream growth factor 
receptor signaling. It is possible that PI3K inhibitors may 
also exert a portion of their radiosensitizing properties 
by suppressing the function of proteins with PI3K-like 
kinase domains, such as ataxia−telangiectasia-mutated 
(ATM), ataxia−telangiectasia- and rad3-related (ATR), 
and DNA protein kinase (DNA-PK). 

Growth factor-induced signaling from EGFR 
through the PI3K/AKT and RAF-1/ERK1/2 pathways 
can increase expression of multiple anti-apoptotic pro-
teins, including BCL-XL, MCL-1, and c-FLIP isoforms, 
as well as the phosphorylation and inactivation of 
pro-apoptotic proteins including BAD, BIM, and pro-
caspase 9 (Caro and Cederbaum 2006; Majumdar 
and Du 2006; Grethe and Porn-Ares 2006; Osaki 
et al. 2004). Radiation-induced ERK1/2 activation has 
also been linked to increased expression of the DNA re-
pair proteins ERCC1, XRCC1, and XPC (Yacoub et al. 
2003).

11.4.4  
novel Agents that Target Key Enzymes that 
Regulate the Transformed Phenotype 
and Play a Role in Maintaining 
Tumor Cell Survival

The initial portion of this chapter discussed how para-
crine tumor cells which rely on EGFR for growth and 
survival can have their growth and radiosensitivity 
modulated by inhibitors of EGFR1−4. One prototypi-
cal example of treatment against cancer has been the 
development of the kinase inhibitor imatinib mesylate, 
the small-molecule inhibitor of the BCR-ABL kinase 
responsible for the development of CML (see above). 
In this disease, the Bcr/abl kinase is constitutively ac-
tivated and signals downstream to diverse signaling/
survival pathways (e.g., AKT, STAT5, BCL-XL) that col-
lectively provide CML cells with a survival advantage 
over their normal counterparts. This success suggests 
that dysregulated kinases implicated in leukemogenesis 
may be associated with certain pro-apoptotic activities 
that can be unmasked by pharmacological inhibitors. 
The success of imatinib mesylate, and that of its suc-
cessors (e.g., dasatinib), has prompted the development 
of numerous other agents targeting survival-signaling 
pathways for use in both hematological and non-hema-

tological malignancies. Similarly, in NSCLC expressing 
constitutively activated forms of EGFR1, treatment with 
EGFR1 inhibitors (Erlotinib, Gefitinib, Lapatinib, Can-
ertinib) causes apoptosis of tumor cells and shrinkage 
of tumor in vivo.

11.5  
Combination of Molecularly Targeted Agents 
with Conventional Therapies

Although a few of the agents are curative, many agents 
have low objective tumor response rate and short re-
sponse duration. It is therefore logical to combine these 
new drugs with current standard therapies that have 
proven effectiveness, or combine two or more of these 
new drugs that may have synergistic effect against a 
specific cancer. Some of the combinations prove to be 
superior to the standard therapy. Examples of these 
combinations include: Avastin and chemotherapy for 
metastatic colorectal cancer; Erbitux and chemotherapy 
for colorectal cancer; Erbitux and radiation therapy for 
head and neck cancer (see specific disease section for 
details); and multiple agents against breast, renal, and 
various hematological malignancies.

Not all combinations produce better tumor response 
or survival, however. Combination of Iressa and Tar-
ceva with cytotoxic chemotherapy failed to improved 
tumor response in NSCLC. In a phase-III trial testing 
the combination of Gefitinib and gemcitabine and cis-
platin in advanced NSCLC (INTACT 1 trial), the addi-
tion of Gefitinib to chemotherapy did not improve tu-
mor response and median survival over chemotherapy 
alone (Giaccone et al. 2004). A second phase-III trial 
comparing Gefitinib plus paclitaxel and carboplatin vs 
chemotherapy (INTACT 2 trial) again did not show 
improved tumor response rates, time to progression, 
and survival in newly diagnosed advanced lung cancers 
(Herbst et al. 2004). Similar failure was seen in combi-
nation of Erlotinib and chemotherapy in lung cancers 
(Gatzemeier et al. 2007).

11.5.1  
Rationale for Combination Strategies 
Involving Molecularly Targeted Agents 
in Human Malignancies

While interest in the incorporation of molecularly 
targeted agents into the therapeutic armamentarium for 
human cancer expands, there is an emerging perception 
that with the exception of tumors with clearly defined 
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molecular defects (e.g., dysregulated BCR/ABL), such 
agents may have relatively limited activity on their own. 
One logical approach to this problem is to combine 
such targeted agents with established chemotherapeutic 
drugs in order to lower the apoptotic threshold. Indeed, 
several preclinical studies have demonstrated enhanced 
tumor cell killing when various signal transduction 
inhibitors are combined with standard cytotoxic agents 
(Voigt et al. 2005; Choe et al. 2007; Shibuya et al. 
2007; Baumann et al. 2007; Langer 2004); however, 
there is accumulating evidence that the combination 
of targeted agents may also be an extremely potent 
inhibitor of proliferation and inducer of death in ma-
lignant cells (Miller et al. 2007; Molhoek et al. 2005; 
Fleming et al. 2008; Sandler and Herbst 2006). 
One plausible explanation for increased cell killing 
is that neoplastic cells may mount a compensatory 
cytoprotective response when faced with an otherwise 
lethal insult, e.g., interruption of a key signaling or 
cell cycle regulatory pathway; thus, by interfering with 
activation of this secondary, compensatory pathway, 
one can theoretically render neoplastic cells helpless 
against the initial insult. An alternative possibility is 
just as neoplastic cells are primed to undergo apoptosis 
under certain circumstances, specific constellations of 
signaling and cell cycle events are recognized as harm-
ful to the cell, and as a result, the apoptotic program is 
engaged. Whether either of these explanations can be 
validated, the fact remains that combining two of the 
targeted agents described above has been proven highly 
effective in triggering apoptosis in human tumor cells; 
thus, the possibility exists that anti-tumor strategies 
simultaneously targeting two or more cell cycle and 
signaling pathways may eventually have a role in the 
treatment of cancer. What follows below is a brief sum-
mary of some of the preclinical data supporting this ap-
proach, and examples of cases in which these strategies 
have entered the clinical arena. Because the number of 
targeted agents is growing logarithmically, the number 
of possible combination regimens is virtually limitless. 
Consequently, the following discussion is not meant to 
be an exhaustive summary of all possible therapeutic 
strategies; instead, its goal is to highlight some of the 
more promising avenues of investigation, with an em-
phasis on novel therapeutic approaches that might have 
clinical relevance.

11.5.2  
Combination Strategies

To improve treatment outcome, the combination of 
agents should generate synergistic or additive effects on 

tumor cell killing. Synergistic effects could most likely 
be achieved by targeting multiple signal transduction 
pathways simultaneously that are potentially impor-
tant for tumor cell growth and survival. Additive effect 
may be achieved by targeting the same target or same 
pathway by multiple agents as well as targeting multiple 
pathways.

11.5.2.1  
Simultaneously Targeting Multiple Pathways

In many cancers, especially solid tumors, alternative 
pathway may confer the function of growth stimulation 
or survival signal when one pathway is inhibited. Simi-
larly, tumors need multiple pathways to grow and prog-
ress. For example, a tumor needs both growth potential 
and environmental support, such as new vessel forma-
tion for blood supply. The combination of two agents 
to block growth signal and angiogenesis would signifi-
cantly increase tumor inhibition and cell killing. The 
majority of the receptor kinases initiate multiple cas-
cades downstream, leading to activation of proliferation 
as well as survival mechanisms. Simultaneously sup-
pressing these cascades will enhance cell killing. Many 
clinical trials are investigating various combinations for 
improvement of treatment outcome. For example, Er-
bitux is combined with Avastin and chemotherapy for 
colorectal cancer (Tol et al. 2008; Tabernero 2007). 
A number of trials combine Erbitux or Avastin with 
small-molecule TKIs for the treatment of lung cancers, 
renal cancer, colorectal cancer, and various hematologi-
cal malignancies (www.clinicaltrials.gov).

11.5.2.2  
Combination of Targeted Agents 
Against Single Target

A treatment target may change due to mutation or it 
may exist in multiple variants. These mutations or vari-
ants render tumor resistance to single targeted agent 
therapy. Examples of this mutation are in Bcr-Abl and 
c-kit oncogenes that cause resistance to imatinib; how-
ever, cells with this mutation are sensitive to newer 
agents (such as dasatinib) that are approved for the 
treatment of imatinib-resistant leukemia. Clinical tri-
als also demonstrated benefits of using multi-agents 
against a single target in solid tumors. For example, 
in breast cancer overexpressing Her-2, multiple agents 
against Her-2 protein is found to be more effective. 
The so-called total Her-2 blockage with lapatinib and 
Herceptin in a phase-III clinical trial in the patients 
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who were heavily pretreated and progressed while on 
Herceptin showed significantly improved progression-
free survival (reported at the ASCO Annual Meeting, 
2008).

11.5.3  
Future Candidate Combinations

11.5.3.1  
Simultaneous CHK1 and MEK1/2 Inhibition

UCN-01 (7-hydroxystaurosporine) is currently being 
evaluated as an anti-neoplastic agent in clinical trials, 
both alone and in combination with chemotherapeutic 
agents and ionizing radiation (Akinaga et al. 2000). 
UCN-01 exerts anti-proliferative activity both in vitro 
and in vivo, an action which initially was thought to be 
related to inhibition of protein kinase C (PKC) isoforms 
(Takahashi et al. 1989). Based on the fact that many 
PKC isoforms have been linked to cytoprotective sig-
naling within cells, the ability of UCN-01 to block sig-
naling by this family of kinases and to cause cell death 
appears, on the surface, to be a reasonable hypothetical 
mode of action for this drug. More recently, UCN-01 
has also been shown to inhibit the downstream effector 
of PI3 kinase, PDK-1, in the same concentration range 
as PKC isoforms (Sato et al. 2002); however, as a single 
agent, UCN-01 toxicity, evident in tumor cells over the 
range 150−500 nM, is an order of magnitude above the 
in-vitro IC50 of the drug for PKC isoforms and PDK-1. 
At lower clinically relevant concentrations (<100 nM), 
UCN-01 as a single agent is marginally toxic but en-
hances the lethality of established chemotherapeutic 
agents by several postulated mechanisms, in particular 
by inhibition of CHK1 (Graves et al. 2000). Inhibi-
tion of CHK1 may directly promote activation of the 
protein phosphatase CDC25C and can also interfere 
with CDC25C elimination by blocking its binding to 
14-3-3 proteins and subsequent degradation. Down-
regulation of CDC25C function results in enhanced 
phosphorylation and inactivation of cyclin-dependent 
kinases (CDKs), such as p34CDC2, which are critically 
involved in G2/M cell cycle arrest following DNA dam-
age (Kastan 2001); thus, UCN-01 can function as a 
checkpoint abrogator capable of enhancing the lethal 
actions of DNA-damaging agents, including ionizing 
radiation (Cartee et al. 2002), cisplatin (Bunch and 
Eastman 1996), Ara-C (Tang et al. 2000), and cam-
pothecins (Shao et al. 1997). It has been argued that 
UCN-01, administered at pharmacologically achievable 
concentrations, promotes sensitization to cell killing via 
CHK1 inhibition and CDK dephosphorylation rather 

than by inhibition of PKC family enzymes and the PI3 
kinase effector PDK-1. 

Multiple intracellular signal transduction pathways, 
e.g., RAS/RAF-1/ERK1/2, RAS/IKK/NFκB, and RAS/
PI3K/PDK-1/AKT/p70S6 kinase, are often highly ac-
tivated in tumor cells, frequently due to alterations in 
proto-oncogene function, and have been proposed by 
many laboratories as therapeutic targets in preventing 
cancer cell growth in a wide variety of malignancies. 
Furthermore, inhibition of chemotherapeutic drug and 
radiation-induced growth factor receptor or signaling 
pathway activation by novel inhibitors of kinase do-
mains has been shown by many groups to enhance the 
toxicity of established chemotherapy / radiation modali-
ties, e.g., use of EGFR1 and EGFR2 inhibitors. An alter-
native approach, however, to killing tumor cells without 
using established cytotoxic therapies is to exploit tumor 
cell reliance (i.e., addiction) to high levels of signaling 
pathway activity within multiple pathways to maintain 
their growth and viability.

Several years ago, it was shown under in-vitro 
conditions, that UCN-01 at clinically relevant concen-
trations causes activation of the ERK1/2 pathway in 
multiple transformed cell types (Dai et al. 2001, 2002; 
McKinstry et al. 2002). Prevention of ERK1/2 pathway 
activation, by blockade of MEK1/2 signaling by use of 
small-molecule kinase inhibitors or of RAS function by 
use of farnesyltransferase inhibitors (FTIs), rapidly pro-
moted UCN-01-induced tumor cell death in a synergis-
tic fashion (Dai et al. 2004b, 2005a). Non-transformed 
cells from multiple tissue types were noted in several 
studies to be insensitive to apoptosis-induction by this 
strategy. More recent work has translated these in-vitro 
findings into a xenograft animal model system using 
estrogen-dependent (MCF7) and independent human 
mammary carcinoma (MDA-MB-231) cell lines. In 
both MDA-MB-231 and MCF7 cells a transient 2-day 
in-vivo exposure of established tumors to a MEK1/2 in-
hibitor and UCN-01 resulted in profound induction of 
tumor cell death in animals receiving combined drug 
exposure, and tumor control ratios for both cell lines of 
0.36, 30 days after drug administration. Irradiation of 
mammary tumors after MEK1/2 inhibitor and UCN-01 
exposure caused a profound increase in tumor radio-
sensitivity.

The primary mechanism of lethality for MEK1/2 in-
hibitor / FTI and UCN-01 treatment was similar in both 
hematological and solid tumor cell types: MEK1/2 in-
hibitor / FTI and UCN-01 treatment caused activation 
of JNK1/2 signaling and an activating conformational 
change in the pro-apoptotic protein BAX, resulting 
in mitochondrial dysfunction leading, collectively, to 
activation of the intrinsic apoptosis pathway. In car-
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cinoma cells, caspase 8 appeared to play a facilitating 
role in the amplification of mitochondrial dysfunction 
(McKinstry et al. 2002). Constitutive overexpression 
of mitochondrial protective proteins, such as BCL-2 
and BCL-XL, suppressed cell death after MEK1/2 in-
hibitor / FTI and UCN-01 treatment, a protective effect 
which could be overcome when cells were simultane-
ously exposed to the novel clinically relevant death re-
ceptor agonist / extrinsic apoptosis pathway activator 
TRAIL (Dai et al. 2003c). In multiple myeloma cells 
MEK1/2 inhibitor / FTI and UCN-01-mediated le-
thality was not attenuated by conventional resistance 
mechanisms to cytotoxic drugs (e.g., melphalan or dex-
amethasone), addition of exogenous interleukin-6 or 
insulin-like growth factor I, or the presence of stromal 
cells. Furthermore, in multiple myeloma cells under 
conditions of MEK1/2 inhibitor and UCN-01-induced 
lethality IL-6 was still capable of promoting AKT ac-
tivation, arguing that growth factor-induced PDK-1 
activation was not compromised by concentrations of 
UCN-01 that can promote MEK1/2 lethality (Dai et al. 
2002).

Other downstream cytoprotective components of 
RAS have also been investigated for a cytotoxic interac-
tion with UCN-01. In multiple myeloma cells, the output 
from MEK1/2 is believed to be one upstream activating 
signal for the protective transcription factor NFκB. In 
agreement with this concept, inhibitors of NFκB func-
tion also interact with UCN-01 to promote myeloma cell 
death via activation of the intrinsic apoptosis pathway, 
which is not further enhanced by co-administration of 
MEK1/2 inhibitors in agreement with ERK1/2 being an 
upstream activation of NFκB in MM cells. The semi-
synthetic antibiotic based on geldanamycin, 17AAG, 
also has been observed to interact with UCN-01 to pro-
mote leukemia cell death (Jia et al. 2003). As 17AAG 
inhibits HSP90 function, it is probable that 17AAG-
induced down-regulation of Raf-1 and AKT expression 
and phosphorylation plays a major role in the death-in-
ducing process when combined with UCN-01. It is also 
noteworthy, based on studies showing ectopic expres-
sion of BCL-2 protecting cells from MEK1/2 inhibitor 
and UCN-01-induced lethality, that 17AAG and UCN-
01 also act to suppress expression of mitochondrial pro-
tective proteins such as BCL-2 and MCL-1. As noted 
previously, UCN-01 was initially characterized from a 
therapeutic standpoint as a PKC inhibitor; however, in 
leukemia cells it was discovered that co-exposure of hu-
man leukemia cells to 17AAG and the “specific” PKC 
inhibitor bisindolylmaleimide (GFX) did not result in 
enhanced lethality, arguing against the possibility that 
the PKC inhibitory actions of UCN-01 are responsible 
for synergistic cell-killing interactions.

Downstream of RAS, the PI3 kinase and MEK1/2 
signaling pathways converge to promote activation of 
p70 S6 kinase. The activity of p70 S6 kinase is impor-
tant for the regulation of translation, and this kinase 
is coordinately regulated by PI3 kinase signaling via 
PDK-1, AKT, and mTOR. ERK1/2 phosphorylation of 
p70 S6 kinase releases auto-inhibitory domain repres-
sion permitting full activation of the kinase. The mTOR 
inhibitor rapamycin has been frequently used to block 
p70 S6 kinase activation and rapamycin has been shown 
to interact with UCN-01 to promote cell death in leu-
kemia cells (Hahn et al. 2005). In a manner similar 
to that of 17AAG and UCN-01, combined rapamycin 
and UCN-01 treatment suppressed expression of anti-
apoptotic mitochondrial proteins such as BCL-2. Fur-
thermore, in contrast to MEK1/2 inhibitor and UCN-01 
treatment, rapamycin and UCN-01-induced mitochon-
drial dysfunction was a secondary, caspase-dependent 
event. Collectively, these findings suggest that 17AAG 
and rapamycin may represent small-molecule signaling 
inhibitors with greatest utility in promoting UCN-01 le-
thality, due to the fact that, regardless of whether tumor 
cells display low or elevated expression levels of mito-
chondrial protective proteins, significant killing will 
occur secondary to suppression of protective protein 
expression and activation of pro-apoptotic BH3 protein 
function.

Finally, it is noted that the overall concept that 
blocking compensatory survival pathway activation re-
sponses leads to leukemic cell killing has been extended 
by several groups using a variety of small-molecule in-
hibitors of kinases and other enzymes, including, for 
example, flavopiridol and PI3 kinase inhibitors, fla-
vopiridol and histone deacetylase inhibitors, histone 
deacetylase inhibitors and perifosine, MEK1/2 inhibi-
tors, and imatinib mesylate.

11.5.3.2  
Histone Deacetylase Inhibitor Combinations

As noted previously, HDAC inhibitors exert multiple 
actions, and potentially kill cells through disparate 
mechanisms. It is therefore hardly surprising that HDA-
CIs interact synergistically with a variety of other signal 
transduction and cell cycle modulators. For example, 
flavopiridol is a cell cycle inhibitor, and can arrest cells 
in the G1 phase of the cell cycle (Han et al. 2000). Be-
cause differentiation induction in any cell type, includ-
ing that triggered by HDAC inhibitors (Dai et al. 2003a), 
requires G1 arrest, it seems reasonable to speculate that 
flavopiridol might enhance the differentiation-inducing 
ability of HDAC inhibitors; however, contrary to ex-
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pectations, flavopiridol did not enhance differentiation 
induction by the HDACI vorinostat; instead, it blocked 
differentiation and dramatically enhanced apoptosis 
(Almenara et al. 2002). This phenomenon stems from 
several flavopiridol-mediated actions, including inhibi-
tion of DNA polymerase-II phosphorylation and result-
ing down-regulation of p21CIP1/WAF1 (Rosato et al. 2001) 
as well as inhibition of NF-κB (Gao et al. 2004). Clini-
cal trials evaluating the in-vivo activity of this regimen 
in patients with leukemia and solid malignancies will 
begin shortly. Recent studies have focused on the capac-
ity of HDAC inhibitors to disrupt, through inhibition 
of HDAC6, the function of HSP90 (Ruefli et al. 2001; 
Insinga et al. 2005). Perhaps not surprisingly, several 
groups have reported that HDAC inhibitors, such as 
vorinostat and LAQ824, interact synergistically with 
HSP90 antagonists such as 17AAG in human tumor 
cells (George et al. 2005; Rahmani et al. 2003b). In the 
case of BCR/ABL+ leukemias, this phenomenon was 
associated with diminished association of BCR/ABL 
with HSP90 and enhanced proteasomal degradation 
(Rahmani et al. 2003b). In view of evidence that mu-
tant activated kinase proteins are claimed to be particu-
larly susceptible to interference / down-regulation by 
use of agents that interfere with protein folding (Gorre 
et al. 2002), this strategy may also be effective in tumor 
cell types associated with specific mutant proteins, e.g., 
FLT3 (George et al. 2005), B-Raf, and activated EGFR1 
proteins.

The lethal effects of HDACIs can also be influenced 
by inhibitors of various signal transduction pathways. 
For example, the PI3K/AKT pathway protects cells 
from apoptosis through multiple mechanisms, includ-
ing phosphorylation/inactivation of BAD and inhibi-
tion of caspase-9, among other actions (Datta et al. 
1999). Inhibition of PI3K, and by extension, AKT, by 
the kinase inhibitor LY294002 has been shown to en-
hance the lethal effects of HDACIs in malignant cells 
(Rahmani et al. 2003a). More recently, the alkylyso-
phospholipid perifosine, which is currently undergoing 
clinical evaluation, has been reported to disrupt this 
pathway by interfering with the membrane association 
of AKT (Kondapaka et al. 2003). In human leukemia 
cells, including those of lymphoid origin, perifosine in-
teracts synergistically with HDACIs such as vorinostat 
and sodium butyrate in association with generation 
of the pro-apoptotic lipid second messenger ceramide 
(Rahmani et al. 2003b). Together, these findings sug-
gest that a regimen combining perifosine and HDACIs, 
such as vorinostat, warrants investigation as an anti-
tumor strategy.

Among their other lethal actions, HDACIs trigger 
cell death, at least in part, through induction of oxida-

tive damage (e.g., generation of ROS). This capacity 
may also account for, or contribute to, their therapeu-
tic selectivity. For example, it has recently been shown 
that HDACIs selectively induce the antioxidant enzyme 
thioredoxin in normal compared with transformed 
cells, resulting in preferential oxidative injury in the 
latter (Ungerstedt et al. 2005). Such findings raise 
the possibility that HDACIs might selectively enhance 
the lethality of other agents acting via production of 
ROS. A logical candidate agent for such a therapeutic 
strategy is the estrogen derivative 2-methoxyestradiol 
(2-ME). In human leukemia cells, 2-ME selectively in-
duces oxidative injury by inhibiting the activity of the 
important antioxidant enzyme superoxide dismutase 
(SOD; Huang et al. 2000). Notably, this process appears 
to occur preferentially in neoplastic cells (Huang et al. 
2000) and involves down-regulation of the AKT path-
way (Gao et al. 2006). Given the putatively selective in-
duction of oxidative injury by both HDACIs and 2-ME, 
the possibility arises that combining these agents might 
result in further potentiation of anti-tumor cell activ-
ity and selectivity. In fact, results of a recent study indi-
cate that simultaneous exposure of human tumor cells 
to sub-toxic concentrations of 2-ME and HDACIs (e.g., 
vorinostat and sodium butyrate) resulted in a dramatic 
increase in lethality in association with a pronounced 
increase in ROS levels (Gao et al. 2006). As observed in 
the case of 2-ME alone, combined exposure of cells to 
2-ME and HDACIs resulted in the marked inactivation 
of AKT accompanied by activation of the stress-related 
JNK pathway. Together, these findings support the con-
cept that combining HDACIs with agents that induce 
oxidative injury may be an effective and potentially se-
lective therapeutic strategy in cancer.

11.5.3.3  
Proteasome and Other Inhibitors 
of the nFκB Pathway

The 26S proteasome represents the major non-lysosomal 
mechanism by which unwanted proteins are degraded 
(Ciechanover 2005). Following ubiquination by vari-
ous ubiquitin ligases, such proteins are channeled into 
the 20S catalytic core of the proteasome, where they 
are degraded via multiple activities, e.g., chymotryptic. 
Proteasome function plays a critical role in regulation 
of diverse proteins involved in signal transduction, cell 
cycle, and survival regulation (Adams 2004). Because 
proteasomes are so ubiquitous, it seemed unlikely that 
proteasome inhibition represented a viable therapeutic 
strategy. Nevertheless, multiple preclinical studies have 
demonstrated that proteasome inhibitors effectively kill 
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transformed cells, and that such actions may selectively 
spare normal tissues. This work has culminated in the 
development of Velcade, a highly potent proteasome 
inhibitor which has shown impressive activity in pa-
tients with multiple myeloma, including those who are 
resistant to standard therapy (O’Connor et al. 2005). 
The mechanism by which Velcade and other protea-
some inhibitors kill neoplastic cells is not known with 
certainty, but attention has largely been focused on the 
NFκB pathway. Interference with proteasome function 
leads to accumulation of members of the IκB family, 
particularly IκBα, which bind to NFκB, thereby oppos-
ing nuclear translocation and transcriptional activity. 
This, in turn, results in down-regulation of diverse anti-
apoptotic genes, including BCL-XL and XIAP, among 
others. Interference with proteasome function can also 
promote apoptosis via up-regulation of pro-apoptotic 
proteins, including p53 and BAX (Insinga et al. 2005; 
Almond and Cohen 2002).

There is evidence to suggest that interference with 
proteasome function can potently enhance HDACI 
lethality in various neoplastic cell types. For example, 
combined proteasome and HDAC inhibition was ini-
tially shown to promote apoptosis in retinoblastoma 
cells (Giuliano et al. 1999), and subsequent studies 
demonstrated similar interactions in human leukemia 
and myeloma cells (Yu et al. 2003a; Pei et al. 2004a). In 
this context, it is unlikely to be coincidental that both 
proteasome (Yu et al. 2004) and HDAC inhibitors have 
been shown to kill cells through induction of reactive 
oxygen species. In fact, co-treatment of leukemic cells 
with Velcade and HDAC inhibitors (e.g., vorinostat) 
was associated with a marked increase in oxidative 
damage, and conversely, attenuated by addition of free 
radical scavengers (Pei et al. 2004a).

Aside from this possibility, other possible mecha-
nisms exist which might account for synergistic inter-
actions between HDAC and proteasome inhibitors, 
particularly those related to perturbations in NFκB. For 
example, HDACIs are known to induce acetylation of 
diverse proteins in addition to histones, including p53, 
HSP90, and NFκB, among others. It has also been shown 
that acetylation of NFκB, or more specifically p65, leads 
to activation of NFκB via multiple mechanisms, includ-
ing increased nuclear transport and diminished bind-
ing to IκBα, among others (Chen and Greene 2003). 
Activation of NFκB by HDACIs may lead to induction 
of certain antioxidant enzymes, particularly Mn-SOD, 
which could attenuate HDACI-mediated oxidative in-
jury; thus, interruption of the NFκB pathway may pre-
vent certain HDACI-mediated actions which limit the 
lethality of this class of compounds, thereby lowering 
the threshold for apoptosis. Based on these concepts, 

regimens combining clinically relevant HDACIs and 
proteasome inhibitors, such as Velcade, warrant consid-
eration in anti-cancer therapy.

These findings may theoretically be extended to in-
clude other classes of agents that interrupt the NF-κB 
pathway. For example, degradation of IκBα generally 
involves phosphorylation by members of the IKK fam-
ily, particularly IKKβ (Chen and Greene 2004), which 
promotes ubiquitination and subsequent proteasomal 
degradation. Recently, a series of IKK inhibitors have 
been developed which have the net effect of blocking 
IκBα phosphorylation, thereby sparing it from protea-
somal destruction, and allowing it to sequester NF-κB 
in the cytosol (Tergaonkar et al. 2003). This has the 
net effect of antagonizing activation of NFκB-responsive 
genes, including those exerting anti-apoptotic func-
tions. Although IKK inhibitors are currently the focus 
of interest in view of their potential anti-inflammatory 
actions, the possibility exists that these agents may dis-
play anti-neoplastic activities as well, and may also pro-
mote the lethality of other targeted agents. For example, 
as noted above, blockade of proteasomal degradation of 
IκBα may contribute to synergistic interactions between 
HDAC inhibitors and proteasome inhibitors such as Vel-
cade. Analogously, interference with IKK phosphoryla-
tion (e.g., by IKK inhibitors), rather than proteasomal 
degradation of IκBα, may exert the same net effect on 
HDACI-induced apoptosis. In fact, results of a recent 
study demonstrated that inhibition of IKK by the IKK 
inhibitor Bay 11-7082 markedly enhanced the lethal 
effects of the second-generation HDACIs MS275 and 
vorinostat in tumor cells in association with diminished 
acetylation of RelA, reduced DNA binding, and inter-
ference with RelA/IκBα association (Dai et al. 2005b). 
These events were also associated with enhanced oxida-
tive damage (e.g., ROS generation) and diminished ex-
pression of the antioxidant enzyme Mn-SOD, an NFκB 
target, as well as down-regulation of XIAP and activa-
tion of JNK (Dai et al. 2005b). Based on these consid-
erations, it is tempting to speculate that HDACIs exert 
certain intrinsic pro-apoptotic actions e.g., induction of 
mitochondrial injury and generation of ROS (Insinga 
et al. 2005; Almond and Cohen 2002); however, their 
capacity to acetylate NFκB, and in so doing, to activate 
anti-apoptotic genes (e.g., Mn-SOD, XIAP), may oppose 
these events. By blocking the latter actions, either by in-
hibiting proteasomal degradation of IκBα (e.g., by pro-
teasome inhibitors), or by preventing its phosphoryla-
tion (e.g., by IKK inhibitors), the pro-apoptotic actions 
of HDACIs may be left unopposed; thus, a therapeutic 
strategy combining proteasome or IKK inhibitors with 
HDACIs warrants consideration in the treatment of 
cancer.
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11.5.3.4  
Proteasome  
and CDK Inhibition

There is now evidence to suggest that combined pro-
teasome and CDK inhibition may represent a rational 
strategy in the treatment of cancer. As noted previously, 
CDK inhibitors, such as flavopiridol and R-roscovitine 
(CYC202), have recently entered the clinical arena. Al-
though it is logical to postulate that the lethal effects of 
these agents stem from inhibition of CDKs and result-
ing disruption of the cell cycle traverse, it has become 
apparent that these agents exert pleiotropic actions 
which may be responsible for, or contribute to, their 
anti-tumor activities. For example, as discussed pre-
viously, both flavopiridol and roscovitine inhibit the 
cyclin T/CDK9 transcriptional regulatory apparatus, 
and thus down-regulate a number of short-lived anti-
apoptotic proteins including XIAP and MCL-1 (Whit-
taker et al. 2004). More recently, it has been shown 
that flavopiridol is also a potent inhibitor of IKK, and 
as a consequence, may function as an NFκB antagonist. 
For example, Takada and colleagues (2005) demon-
strated that flavopiridol potently inhibited NFκB DNA 
binding in cells exposed to TNFα. Based on these find-
ings, it seems reasonable to postulate that further dis-
ruption of the NFκB pathway might lower the thresh-
old for flavopiridol-mediated lethality. In fact, results 
of a recent study have shown that co-administration of 
flavopiridol with proteasome inhibitors in tumor cells 
resulted in a dramatic increase in mitochondrial dam-
age and apoptosis in association with activation of the 
stress-related JNK pathway, and down-regulation of the 
anti-apoptotic proteins XIAP and MCL-1 (Dai et al. 
2003b). Significantly, co-administration of flavopiridol 
and proteasome inhibitors resulted in a pronounced 
reduction in NFκB DNA binding, consistent with the 
notion that these agents cooperate to block IKK phos-
phorylation (flavopiridol) as well as proteasomal degra-
dation (proteasome inhibitors). These findings were not 
restricted to flavopiridol in that synergistic anti-tumor 
interactions between proteasome inhibitors and rosco-
vitine were also observed. Subsequently, a strategy com-
bining flavopiridol with Velcade was shown to be highly 
effective in inducing apoptosis in BCR/ABL+ leukemia 
cells, including several lines highly resistant to imatinib 
mesylate (Dai et al. 2004a). Based in part upon these 
findings, a phase-I trial of Velcade and flavopiridol has 
recently been launched in patients with refractory/
progressive B-cell malignancies including multiple my-
eloma, indolent non-Hodgkin’s lymphoma, and mantle 
cell lymphoma.

11.5.3.5  
MAP2K (MEK1/2) Inhibitor Combinations

As noted previously, it has been established that the net 
output of stress (e.g., JNK) vs survival (e.g., MEK1/2-
ERK1/2)-related pathways can determine whether 
a cell lives or dies (Xia et al. 1995). Although the 
mechanism(s) by which the MEK1/2-ERK1/2 path-
way promotes survival is not known with certainty, it is 
known that JNK may be directly involved in the induc-
tion of mitochondrial injury (Tournier et al. 2000), 
and that induction of ERK1/2 can oppose the action 
of certain pro-apoptotic proteins (e.g., capase-9, BIM, 
BAD) (Allan et al. 2003; Gise et al. 2001). These con-
siderations served as the basis for the development of 
pharmacological MEK1/2 inhibitors, such as PD184352 
(CI-1040), which have shown activity in preclinical 
animal models and have also been shown to be biologi-
cally active in humans (Rinehart et al. 2004). In pre-
clinical systems, MEK1/2 inhibitors have been shown to 
potentiate the lethality of a variety of cytotoxic agents, 
including taxanes, ara-C, and novel agents such as 
UCN-01; however, a growing body of evidence sug-
gests that MEK1/2 inhibition can lower the threshold 
for cell death for a variety of other targeted agents, and 
that such synergistic interactions are, if anything, more 
impressive than those seen with established cytotoxic 
agents.

Several lines of evidence suggest that the lethal ac-
tions of proteasome inhibitors are critically dependent 
upon the status of the MEK/ERK pathway. For example, 
proteasome inhibitor (i.e., Velcade) lethality has been 
associated with the reciprocal induction of JNK and the 
inactivation of MEK/ERK (Pei et al. 2004b). Further-
more, in another study, both pharmacological and ge-
netic approaches revealed that interruption of MEK1/2-
ERK1/2 lowered the threshold of transformed cells to 
proteasome inhibitor-mediated cell death (Orlowski 
et al. 2002). In this context, it may be relevant that Vel-
cade lethality has been related to ROS generation (Pei et 
al. 2004b), and that the MEK1/2-ERK1/2 pathway rep-
resents an important cellular defense to oxidative stress 
(Chu et al. 2004). Whatever the mechanism underlying 
proteasome / MEK1/2 inhibitor synergism, such find-
ings raise the possibility that regimens combining Vel-
cade with clinically relevant MEK1/2 inhibitors warrant 
scrutiny as a cancer therapeutic.

MEK1/2 inhibition also has the potential to lower 
the threshold for other targeted agents, including those 
directed against leukemia. For example, the MEK1/2-
ERK1/2 pathway is known to be activated by the BCR/
ABL kinase, and may be perturbed by BCR/ABL kinase 
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inhibitors such as imatinib mesylate (Orlowski et al. 
2002). Interestingly, some BCR/ABL+ cells can respond 
to imatinib mesylate with an increase in ERK1/2 activa-
tion (Chu et al. 2004) which may represent a compensa-
tory response to the initial insult. Consequently, it is not 
surprising that MEK1/2 inhibitors, such as PD184352, 
have been shown to interact synergistically with ima-
tinib mesylate in BCR/ABL+ leukemia cells (Yu et al. 
2003b). This phenomenon was associated with down-
regulation of phospho-ERK1/2, CREB, MCL-1, and 
BCL-XL, and activation of JNK and p38MAPK. No-
tably, synergism was observed in some leukemia cells 
resistant to imatinib mesylate. Such findings raise the 
possibility that co-administration of imatinib mesylate 
(or other BCR/ABL kinase inhibitors) with pharmaco-
logically relevant MEK1/2 inhibitors might play a useful 
role in BCR/ABL+ hematological malignancies, includ-
ing Ph+ ALL.

Lastly, it has been observed that the lethal effects of 
HDAC inhibitors toward human tumor cells are recip-
rocally related to the induction of stress-related kinases 
(e.g., JNK) and the down-regulation of survival-signal-
ing pathways (e.g., MEK1/2-ERK1/2). Consequently, 
the concept of combining HDAC with MEK1/2 in-
hibitors has a logical basis. In fact, it has recently been 
shown that co-administration of the HDAC inhibitor 
vorinostat with MEK1/2 inhibitors, such as PD184352 
and U0126, leads to a dramatic increase in mitochon-
drial injury and apoptosis in BCR/ABL+ human leuke-
mia cells, including those resistant to imatinib mesylate 
(Yu et al. 2005). Notably, these events were related to 
enhanced oxidative damage (i.e., ROS generation) and 
increased levels of the pro-apoptotic lipid second-mes-
senger ceramide. Given evidence that HDAC inhibitors 
kill cells through a free radical-dependent mechanism, 
and that the MEK1/2-ERK1/2 pathway represents a ma-
jor cellular defense of cells to oxidative stress, it is tempt-
ing to speculate that HDAC and MEK1/2 inhibitors co-
operate to promote apoptosis in BCR/ABL+ leukemia 
cells through an oxidative damage-related mechanism.

11.5.3.6  
Combination Regimens Involving Modulators 
of the Apoptotic Pathway

There has been considerable interest in the development 
of agents capable of modulating the apoptotic pathway. 
Such agents generally fall into two major categories: 
(a) those that antagonize the actions of anti-apoptotic 
proteins; and (b) those that mimic the action of pro-
apoptotic proteins. The former group includes small-

molecule inhibitors of BCL-2, BCL-XL, and XIAP, such 
as HA14-1, ABT-737, Obatoclax, and XIAP-antagonist 
peptides. The latter group includes mimetics of Smac 
(Sun et al. 2004) and death receptor agonists such as 
TRAIL (Wang and El-Deiry 2003).

Several preclinical studies have documented syner-
gistic interactions between small-molecule BCL-2 an-
tagonists and signal transduction modulators in various 
cell types, including those of leukemic origin. For ex-
ample, synergistic interactions between the BCL-2 an-
tagonist HA14-1, which disrupts the ability of BCL-2 to 
block mitochondrial injury (e.g., cytochrome c release), 
and the CDK inhibitor flavopiridol, have been reported 
in myeloma cells (Pei et al. 2004b). This phenomenon 
was associated with MCL-1 down-regulation and ac-
tivation of the stress-related JNK kinase. Analogously, 
synergistic induction of mitochondrial injury and apop-
tosis were reported in myeloma cells exposed to HA14-1 
and the proteasome inhibitor Velcade, although in con-
trast to results with flavopiridol, enhanced lethality was 
only observed when the proteasome inhibitor preceded 
HA14-1 (Pei et al. 2003). Under these circumstances, a 
marked increase in oxidative damage (ROS generation) 
was noted, and the lethal effects of this combination 
were antagonized by the antioxidant N-acetylcysteine. 
Collectively, these findings suggest that combined ex-
posure to these agents kills cells by promoting oxidative 
injury, a concept consistent with the documented abil-
ity of BCL-2 and related proteins to act as an antioxi-
dant (Gottlieb et al. 2000), and proteasome inhibitors 
to kill cells in association with free radical generation 
(Ling et al. 2003).

Small-molecule BCL-2 inhibitors can also promote 
the lethal effects of survival signal transduction inhibi-
tors. For example, in tumor cells, combined exposure to 
HA14-1 and the MEK1/2 inhibitor PD184352 resulted 
in a dramatic increase in lethality (Milella et al. 2001). 
Such findings are consistent with evidence that inter-
ruption of the MEK1/2 pathway acts, at least in part, 
by modifying caspase activity as well as the activity of 
certain pro-apoptotic proteins (e.g., BIM and BAD). 
They also raise the possibility that as small-molecule 
BCL-2 inhibitors are developed, combination strategies 
involving, in addition to standard chemotherapeutic 
compounds, novel signaling agents warrant attention as 
cancer therapeutics.

Synergistic anti-tumor interactions between sig-
naling/cell cycle inhibitors and TRAIL have also been 
reported. Upon binding to its cognate receptor, TRAIL 
activates, through the FADD (Fas-associated death 
domain)-related component of death receptors, procas-
pase-8, which in turn cleaves and activates Bid, a potent 
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inducer of mitochondrial injury and cytochrome C re-
lease (Li et al. 1998; Thorburn 2004). A theoretical ba-
sis for the selectivity of TRAIL and related molecules is 
the fact that its actions are opposed by inactive decoy re-
ceptors, which are generally not expressed or expressed 
at very low levels in tumor cells; therefore, to the extent 
that signaling or cell cycle inhibitory agents selectively 
target transformed cells, combination regimens involv-
ing TRAIL offer the possibility of amplifying the extent 
of anti-tumor selectivity.

A strong rationale exists for combining HDACIs 
with TRAIL. For example, simultaneous activation of 
the intrinsic, mitochondrial pathway (i.e., by HDA-
CIs) and the extrinsic, receptor-related pathway (i.e., 
by TRAIL) would logically be expected to result in 
amplification of activation of the apoptotic cascade. In 
fact, simultaneous administration of clinically relevant 
HDACIs (e.g., vorinostat) with TRAIL has been shown 
by several investigators to potently induce apoptosis in 
human leukemia cells (Rosato et al. 2003; Guo et al. 
2004). Furthermore, very recent studies have demon-
strated that tumor cells can selectively respond to HDA-
CIs with up-regulation of death receptors (e.g., DR4 and 
DR5), as well as CD95 and Fas-L (Insinga et al. 2005); 
therefore, the up-regulation of death receptors by HDA-
CIs would logically be expected to enhance the lethal 
effects of agents such as TRAIL, the lethality of which is 
dependent upon activation of such receptors.

Similar interactions have been observed with the 
CDK inhibitor flavopiridol. Initial studies demon-
strated that flavopiridol interacted synergistically with 
TNF to induce apoptosis in lung cancer cells. Subse-
quently, it was shown that co-administration of TRAIL 
with flavopiridol resulted in a marked increase in mi-
tochondrial damage and apoptosis in other tumor cell 
types (Senderowicz 1999; Rosato et al. 2004). Given 
evidence that flavopiridol acts at least in part to induce 
apoptosis in tumor cells via induction of mitochondrial 
injury, it seems plausible to propose that the potent tu-
moricidal effects of a regimen combining TRAIL with 
flavopiridol, as in the case of HDACIs, stems from si-
multaneous activation of the intrinsic and extrinsic 
apoptotic pathways.

11.6  
Conclusion

The development of the novel targeted agents has intro-
duced tremendous opportunities as well as challenges 
to clinicians. Although most agents for solid tumors 

show limited single-drug cure potential, they can pro-
long patient survival in selected tumor types, and most 
importantly enhance the existing therapies for a variety 
of cancers. The most notable success includes treatment 
of hematological malignancies, particularly CML, col-
orectal cancers, GIST, renal cancer, lung cancer, head 
and neck cancer, breast cancer, and liver cancer. Because 
these agents do not cause side effects similar to those of 
cytotoxic drugs and radiation therapy, their combina-
tion with current conventional chemotherapy and ra-
diotherapy is usually feasible. They do cause a spectrum 
of toxicities, some of which can be life threatening, such 
as thromboembolic events, bleeding, perforation, and 
cardiotoxicities in the case of Avastin. How to best com-
bine these new agents with radiation and chemotherapy 
requires intensive and persistent efforts from both clini-
cians and research scientists.
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Abstract

The ability to achieve local tumor control and improved 
overall survival with radiation therapy is limited by the 
risk of unacceptable normal tissue toxicity. A number 
of therapeutic interventions targeting the molecular 
pathways responsible for the development of acute and 
long-term injury have been investigated in pre-clinical 
and clinical studies. These interventions have primar-
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normal tissue injury has identified a number 
of molecular pathways, pro-fibrogenic growth 
factors, inflammatory cytokines, and chronic 
oxidative stress that can be targeted to amelio-
rate normal tissue injury.

 Approaches to prevent, mitigate, and/or treat  •
radiation-induced normal tissue injury have 
been investigated in pre-clinical and clinical 
studies with varying degrees of success.

 Better understanding of normal tissue radiobi- •
ology will lead to improved therapeutic target-
ing to prevent, mitigate, and/or treat radiation-
induced normal tissue toxicity. 

 Therapeutic modalities to prevent, mitigate,  •
and/or treat radiation-induced normal tissue 
toxicity will allow a higher clinically achievable 
therapeutic dose, improve local tumor control, 
diminish the negative consequences of radia-
tion toxicity on quality of life, and potentially 
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ily targeted apoptosis, growth factors, and pro-inflam-
matory and pro-fibrogenic pathways in an attempt to 
prevent, mitigate, or treat radiation-induced injury. As 
the mechanisms underlying radiation-induced normal 
tissue injury are better elucidated, the identification of 
new potential targets and improved therapeutic inter-
ventions will allow patient-stratified dose escalation 
and improve long-term response rates. The following 
chapter outlines current target-based interventions be-
ing investigated and discusses the recent discovery of 
novel pathways that may be targeted in the future. 

12.1  
Introduction

The number of cancer survivors in the US alone now 
exceeds 10 million people. As the number of cancer 
survivors increases, the percentage of survivors with 
chronic health conditions related to treatment toxicity 
has grown. For the majority of patients diagnosed with 
cancer, radiation therapy with curative or palliative in-
tent will be an important component of treatment. The 
likelihood for developing radiation-induced normal tis-
sue toxicity has broad implications not only for the can-
cer survivor population, but also for patients in which 
more aggressive cytotoxic treatment strategies might 
be beneficial both for achieving tumor control and im-
provement in survival. Thus, the probability for normal 
tissue complications during or after radiotherapy lim-
its the maximum effective dose that can be delivered 
to the tumor (Stone et al. 2003). The maximum toler-
ated dose is unknown for most tissues, and the ability 
to predict individual patient risk for the development 
of delayed injury is challenging. Formal dose escalation 
studies in radiation oncology have rarely been done. 
Thus, the clinically accepted tolerated doses have been 
mostly empirically derived through clinical observa-
tion and experience (Emami et al. 1991; Milano et al. 
2007), and these doses are well below those required to 
achieve local control for most solid tumors. While these 
tolerance doses may be reasonable estimates for large 
populations of patients, the radiosensitivity of an indi-
vidual cannot be determined accurately at this time. 

The clinical significance of this problem can best 
be illustrated using the example of non-small cell lung 
cancer (NSCLC). Non-small cell carcinoma of the lung 
(NSCLC) is one of the most common cancers in the 
United States, with more than 172,000 cases diagnosed 
in 2005 (Jemal et al. 2005).  It remains the most com-
mon cause of cancer deaths in this country. About one-

third of these patients will present with non-metastatic, 
but locally advanced or medically inoperable disease.  
For these patients, radiation therapy has been the main-
stay of treatment. 

Despite the high frequency of distant metastases in 
patients with unresectable NSCLC, local failure remains 
a significant clinical problem. The Radiation Therapy 
Oncology Group (RTOG) trials have reported radio-
graphically assessed local failure rates of 35–58% in this 
patient population (Perez et al. 1986).  Arriagada 
et al. (1991) reported on a series of 353 patients more 
rigorously assessed for local control following either 
radiotherapy alone (65 Gy in 2.5-Gy fractions) or the 
same radiotherapy plus chemotherapy (vindesine, cy-
clophosphamide, cisplatin, and lomustine) for unresec-
table NSCLC.  In this randomized trial, patients under-
went routine bronchoscopy and biopsy 3 months after 
radiotherapy and at 6-month intervals thereafter. The 
actuarial local control rate at 1 year was only 15–17% 
with radiotherapy + chemotherapy; chemotherapy did 
not improve local control. 

Several investigators have noted the importance of 
local control in the treatment of NSCLC. In patients 
with unresectable NSCLC, Perez et al. (1986) dem-
onstrated that intrathoracic tumor control at 6 months 
following radiotherapy predicted improved survival. 
These authors reported a 20% 3-year survival in com-
plete responders compared to 4% in partial responders.  
Saunders et al. (1984) noted a similar finding, with 
65% of complete responders alive at 2 years, compared to 
none of the partial responders. The uncertainties in de-
fining local control in unresectable lung cancer make it 
difficult to be certain that improvements in local control 
are achievable with higher radiation doses and that this 
reduction in local relapse will translate into an increase 
in survival.  Nevertheless, the available data suggest that 
the total tumor dose appears to significantly influence 
both local control and survival in NSCLC.  The RTOG 
reported local failure rates of 53%, 49%, and 35% for 
patients irradiated to total doses of 40 Gy, 50 Gy, and 
60 Gy, respectively (Perez et al. 1986).  Median surviv-
als in these three groups were 7 months, 9 months, and 
10 months, respectively.  Other investigators have con-
firmed the findings of Perez.  For example, when con-
trolling for tumor size, Dosoretz et al. (1993) noted a 
better disease-free survival for doses above 65 Gy versus 
doses of 60–65 Gy.  As a result of findings, investigators 
at several institutions have instituted pilot, phase I, and 
phase II radiation dose escalation studies in patients 
with NSCLC (Cox et al. 1990; Anscher et al. 2001; 
Roseman et al. 2002; Zhao et al. 2007; Socinski et al. 
2008).  Much higher doses have been achieved using the 
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modern radiotherapy techniques of three-dimensional 
conformal (3DCRT), intensity-modulated radiotherapy 
(IMRT) and image-guided adaptive radiation therapy 
(IGRT) (Robertson et al. 1997; Keall et al. 2006; 
Schild et al. 2006).  Despite the highly sophisticated 
approaches to radiation dose delivery utilized in these 
studies, normal tissue injury remains a signifi cant prob-
lem. 

Certain factors aff ecting normal tissue tolerability 
include the anatomic location of the tumor, the cellular 
kinetics and organization of surrounding tissue, pre-
existing pathologic conditions, genetic variability, and 
physical factors (fractionation scheme, total dose, and 
volume irradiated). Th e eff ect of normal tissue com-
plications on the physical and emotional quality of life 
for cancer survivors depends on the tissue aff ected and 
severity of injury. For a minority of these patients, the 
long-term eff ect of treatment is worse than the disease 
itself. As the number of long-term cancer survivors 
increases, late complications of cancer therapy are be-
coming an increasingly important concern to both 
physicians and patients.  For the radiation oncologist, a 
better understanding of the molecular events underly-
ing normal tissue injury will permit a more rational ap-
proach to its prevention and treatment (Anscher et al. 
1994).  Currently, the physician must try to prevent 
complications primarily through restricting the dose 
and volume to be irradiated (Vujaskovic et al. 2000).  
Th e relationship between dose, volume, complications, 
and tumor control is complex and not precisely defi ned 
for most cancers and normal tissues (Emami et al. 1991; 
Vujaskovic et al. 2000; Milano et al. 2007).  Only re-
cently have investigators attempted to better delineate 
these relationships by taking advantage of innovations 
in radiation dose delivery and imaging technology.  

Th e relationship between the probability of local tu-
mor control and probability for normal tissue toxicity is 
defi ned by the therapeutic ratio (Fig. 12.1). Both have 
sigmoid  dose response curves, and a number of thera-
peutic interventions have been investigated to either 
improve tumor sensitivity to radiation or reduce the 
deleterious eff ects of radiation on normal tissue with-
out negatively aff ecting tumor response (Brizel 2007). 
Treatment options for radiation-induced injury are de-
fi ned as (1) prophylactic agents, typically given prior to 
irradiation, (2) mitigators, agents given aft er irradia-
tion, but prior to symptomatic injury, or (3) treatment 
given at the time of symptomatic injury to reverse tissue 
damage (Moulder 2003). 

Over the past several years, major advances in the 
tools of molecular biology have enabled scientists to 
move rapidly toward a better understanding of underly-

ing mechanisms responsible for  radiation-induced nor-
mal tissue injury.  It has been known for decades that 
the biologic response to ionizing radiation begins with 
the generation of  reactive oxygen species (ROS) (Riley 
1994).  More recently, researchers have described how 
these immediate biochemical events rapidly trigger a 
series of genetic and molecular phenomena leading to 
clinically and histologically recognizable injury (Brach 
et al. 1991; Barcellos-Hoff 1993; Hong et al. 1995; 
Johnston et al. 1995; Rubin et al. 1995; Hauer-
Jensen et al. 1999; Vujaskovic et al. 2001; Hallahan 
et al. 2002; Hong et al. 2003).  Th is response to radia-
tion is dynamic and involves a number of mediators of 
infl ammation and fi brosis produced by macrophages, 
epithelial cells, and fi broblasts.  Th ese events appear to 
be sustained for months to years beyond the completion 
of therapy; however, the mechanisms responsible for 
maintaining the injured phenotype, until recently, have 
remained unknown (Vujaskovic et al. 2001) .

As in tumor biology, the improvement in knowledge 
of ongoing molecular processes in radiation-induced 
injury has provided new mechanisms and insights for 
modulating the cellular and tissue response using tar-
get-based strategies to ameliorate normal tissue injury. 
Th is chapter will review potential molecular and physio-
logical targets and respective therapeutic interventions, 
focusing on protection of normal tissues as a model for 
translational studies for target-based therapies.

Fig. 12.1.  Th erapeutic interventions seek to improve the ther-
apeutic ratio by increasing normal tissue tolerance to radiation 
or through radiosensitization of the tumor. Reproduced from 
Brizel (2005) 
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12.2  
Molecular and Physiological Basis  
of normal Tissue Injury

It was originally assumed normal tissue injury was an 
unavoidable, untreatable, and irreversible consequence 
of radiation therapy. The classical radiobiology concept 
supported the target cell hypothesis, which suggested 
the effects of radiation were mostly the result of clono-
genic cell death (Michalowski 1984).  The acute ver-
sus late tissue effects therefore corresponded to the rate 
of cell turnover in the irradiated tissue ( Michalowski 
1984). However, since the early to mid-1990s, the tar-
get cell hypothesis has come under increasing scrutiny. 
Although cell kinetics play a role in radiation-induced 
injury, it has now been acknowledged that radiation-in-
duced normal tissue injury is a consequence of dynamic 
interactions among various cells of the tissue, inflam-
matory mediators, and the vascular endothelium begin-
ning at the time of irradiation and continuing through-
out the time to disease progression (Rubin et al. 1995; 
Vujaskovic et al. 2001; Fleckenstein et al. 2007b). 
This is particularly relevant for late-responding tissue 

(lung, liver, and spinal cord) in which there is a latent 
period lasting months to years before which symptoms 
may appear. 

The acute phase of radiation injury develops during 
the course of radiation therapy or immediately after and 
is primarily characterized by injury to tissues with rap-
idly proliferating stem cell compartments such as the 
salivary glands (xerostomia), gastrointestinal mucosa 
(mucositis, diarrhea), or skin (erythema). Likewise, late 
injury develops in tissues with slow proliferation in-
dexes (lung, liver, and CNS). The new molecular-based 
paradigm has renewed interest to develop therapeutic 
interventions for radiation-induced normal tissue tox-
icity to target the series of ongoing events leading to the 
development of symptomatic injury. 

The biological effects of ionizing radiation begin 
with the transient increase in reactive oxygen species 
(ROS), such as superoxide (O2¯), hydrogen peroxide 
(H2O2), and hydroxyl radical (HO.) at the time of irradi-
ation (Riley 1994). The direct effect is injury to cellular 
components, chromosomal damage, and cell-mediated 
death (Rubin et al. 1995). Within days post-radiation, 
there are noticeable effects on vascular endothelial func-
tion, including increased leukocyte-endothelial interac-

Fig. 12.2. Simplified diagram of the molecular mechanisms underlying radiation-induced injury
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tions, detachment of endothelial cells from the basal 
lamina, endothelial cell apoptosis, and loss of microves-
sel density, resulting in reduced blood flow and tissue 
hypoxia (Dewhirst et al. 1987; Wang et al. 2007a). 
The immediate cellular injury and vascular dysfunction 
are followed by an acute and progressive inflammatory 
cell infiltration and activation of an ongoing cytokine 
cascade, leading to chronic oxidative stress.  These cel-
lular events are ongoing throughout the “latent” period 
prior to the development of symptomatic injury. The 
end result is an environment characterized by endothe-
lial dysfunction, extravasation of plasma proteins and 
edema, inflammatory cell infiltration and activation, 
lipid peroxidation, fibrin accumulation in the extracel-
lular matrix, and functional tissue damage (Fig. 12.2) 
(Stone et al. 2003; Brush et al. 2007; Delanian et al. 
2007; Rodemann et al. 2007b; Zhao et al. 2007). 

A number of cytokines, growth factors, and ox-
idant-generating enzymes have been implicated in 
the aforementioned processes and have been used as 
potential targets in an attempt to ameliorate and/or 
treat radiation-induced normal tissue injury. A grow-
ing body of evidence points toward a complex web of 

protein interactions as being important in the patho-
genesis of abnormal fibrogenesis (see Table 12.1).  For 
example, Huang et al. (2002) have found that IL-7, a 
cytokine that enhances T cell function and IFN-γ pro-
duction, inhibits both TGFß production and signaling, 
and protects against the development of bleomycin-
induced pulmonary fibrosis.  Fedorocko et al. (2002) 
showed that radiation exposure could increase cytokine 
production both directly (IL-6, TNF-α) and indirectly 
(GM-CSF), either by locally acting paracrine or endo-
crine effects or as a result of systemic effects of early 
proinflammatory mediators such as IL-1 or TNF-α. 
There is no doubt that protein production is a dynamic 
process, which will change as a result of cancer treat-
ment.  Hong et al. (2003) have documented temporal 
and spatial changes in the expression of proinflamma-
tory cytokines (TNF-α, IL-1α, and IL-1ß) following 
thoracic irradiation in mice.  

Table 12.1 lists proteins that might be potential tar-
gets for intervention, since they are components in all 
of the major pathways thought to be involved in the 
response of cells to radiation (Schmidt-Ullrich et al. 
2000; Tsoutsou et al. 2006).

Table 12.1. Summary of the function of candidate proteins

Protein Function

IL-1ß Inflammation, growth factor expression

IL-5 Proinflammatory

IL-6 Proinflammatory, decrease apoptosis of activated lung fibroblasts

IL-7 Proinflammatory

IL-8 Angiogenesis, leukocyte chemotaxis, collagen synthesis

IL-10 Anti-inflammatory (decrease TNFα production, decrease upregulation of endothelial cell adhesion 
molecules)

IL-13 Proinflammatory

MCP-1 Inflammation, chemoattraction of monocytes

MIP-1alpha Antiproliferative

PDGF BB Angiogenesis, recruit smooth muscle cells

VEGF Angiogenesis and increased vascular permeability

EGF Epithelial cell motility, mitogenicity, and differentiation

EGFR Receptor for EGF, initial component of EGF signaling pathway

NFkappaB Pleotropic gene transcription responses

HIF-1 Transcription factor for genes regulating angiogenesis
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12.3  
Target-Based Therapeutic Strategies

12.3.1  
Transforming Growth Factor Beta (TGFβ)

Over the past 20 years, the role of TGFβ  in post-radia-
tion injury has been extensively studied in experimental 
models of radiation-induced cellular and tissue injury. 
Since Martin et al. (2000) described TGFβ signaling to 
be the master switch in radiation-induced fibroprolifera-
tive disease, investigators have sought to mitigate the se-
verity of injury through TGFβ targeting. TGFβ, a pleu-
ripotent cytokine, is a critical mediator of cell growth 
and proliferation, extracellular matrix remodeling, in-
hibition of matrix degradation, chronic inflammatory 
disease, and angiogenesis (Roberts 1999; Flanders 
2004). Latent TGFβ is sequestered in the extracellular 
environment until it is activated by proteases, free radi-
cals, or radiation (Barcellos-Hoff et al. 1996). The 
latency-associated peptide (LAP) bound to TGFβ acts 
as a molecular chaperone and sensor of oxidative stress 
(Baecellos-Hoff 1993; 1996; Barcellos-Hoff et al. 
1994, 1996; Vodovotz et al. 1999; Jobling et al. 2006).  
Recently, Jobling et al. (2006) used free radical scav-

engers to determine that hydroxyl radical bioavailabil-
ity, which can be produced by radiolytic hydrolysis, is 
the primary oxidizing agent responsible for activation 
of latent TGFβ. It is therefore plausible to assume that 
oxidation of LAP explains the rapid increase in active 
TGFβ observed within hours post radiation (Fleck-
enstein et al. 2007a). The biologically active form of 
TGFβ readily binds the ubiquitously expressed TGFβ 
type I and II receptors (Roberts 1999; Flanders 2004; 
Andrawewa et al. 2007a, 2007b). Stabilization of the 
type II/type I receptor complex by their cytoplasmic do-
mains leads to downstsream phosphorylation of Smad 
2/3 proteins, which then form an active heterooligo-
meric complex with Smad 4 that can bind DNA and ini-
tiate transcription (Fig. 12.3) (Roberts 1999).

In a recent paper by Fleckenstein et al. (2007b), 
28-Gy single-dose irradiation to the right hemithorax 
resulted in increased TGFβ production within 24 h 
post-radiation followed by a bi-phasic decrease in per-
fusion, development of tissue hypoxia, and infiltration 
and accumulation of macrophages with a concomitant 
increase in oxidative stress. 

Other studies aimed at identifying TGFβ as a key 
mediator in the pathological response to radiation have 
used antagonists to TGFβ or components of its signal 
transduction pathway (Rabbini et al. 2003; Nishioka 

Table 12.1. (continued) Summary of the function of candidate proteins

Protein Function

TGF-alpha Cell motility and proliferation

FGF 2 Angiogenesis and fibroblast proliferation

MMP-1 Degradation of collagen and extracellular matrix proteins

MMP-2 Matrix remodeling, growth factor release

MMP-3 Matrix remodeling, growth factor release

MMP-13 Matrix remodeling, growth factor release

SMAD 2/3 Signal transduction in the TGFß pathway

IGF-1R Binding of IGF-1 (reepithialization and granulation tissue formation)

TNF-alpha Growth factor expression, inflammation, matrix production, and remodeling

TGFß Profibrotic, immunosuppression, angiogenesis, metastasis

Beta-catenin Epithelial-mesenchymal transition

Nitric-oxide synthases Inflammation

Superoxide dismutases Endogenous anti-inflammatory regulator
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et al. 2004; Anscher et al. 2006, 2008). Anscher and 
Vujaskovic (2008) found a small molecule kinase 
inhibitor targeting the TGFβ pathway preserved the 
structural integrity of the lung and prevented organ 
dysfunction using both biological and functional 
parameters to assess the severity of lung injury after 28-
Gy single-dose right hemithoracic irradiation. Their 2007 
study was consistent with studies conducted between 
1995 and 2006 (Ehrhart et al. 1997; Nishioka et al. 
2004; Anscher et al. 2006) in which several authors 
found blockade of the TGFβ signaling pathway using 
an anti-TGFβ antibody or adenoviral vector expressing 
a soluble TGFβ receptor to neutralize the protein in 
vivo significantly protected lung tissue from radiation 
injury. In Anscher and Vujaskovic’s studies (2006), 
histological and morphologic comparison among 
animals at the end of the follow-up period (6 months) 
showed a decrease in macrophage infiltration and 
inflammation, reduced alveolar wall thickness and 
collage deposition, and an improvement in overall 
lung function (Rabbini et al. 2003). These results are 
supported by Nishioka and colleagues (2004), who 
reported similar findings using an adenoviral vector 
expressing soluble TGFβ receptor in their experimental 
model of hemithoracic lung injury using 30-Gy single-
dose irradiation. 

12.3.2  
Keratinocyte Growth Factor

Keratinocyte growth factor (KGF) is a member of the fi-
broblast growth factor family. KGF is produced by mes-
enchymal cells (i.e., fibroblasts, γδT-cells) and is specific 
for epithelial cells expressing a splice variant of FGFR2. 
KGF stimulates proliferation and differentiation to fa-
cilitate re-epithelialization of injured tissue. A number 
of studies have sought to mitigate radiation-induced in-
jury through modulation of cellular proliferation, par-
ticular for acute responding tissues, such as the oral mu-
cosa. The best data for the utility of KGF in mitigation 
or treatment of radiation-induced injury come from 
animal models of oral mucositis, a common complica-
tion from treatment of the head and neck cancer. Dorr 
and colleagues (2001, 2002, 2005c) in Dresden have 
provided much of the evidence regarding the protec-
tive effect of rHuKGF in pre-clinical settings using both 
single-dose and fractionated radiation. In a 2005 study, 
Dorr found a dose-response effect of rHuKGF (palifer-
min) in a mouse model of oral mucositis following frac-
tionated irradiation. The highest ED50 values for mu-
cosal tolerance were achieved with 15 mg/kg or 22.5 mg/
kg; however, the authors found doses as low as 1 mg/kg 
offered significant protection against mouse tongue ul-

Fig. 12.3. TGFβ signaling pathway and 
therapeutic targeting with soluble TGFβ 
receptor (TβRII). Reproduced from Rab-
bani et al. (2003)
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ceration (Dorr et al. 2005b). rHuKGF given during the 
course of radiotherapy appears to be more effective in 
models of oral mucositis rather than when given prior to 
the start of radiation treatment. Studies by Dorr suggest 
doses above 30 mg/kg offer no improvement over those 
seen at 15 and 22.5 mg/kg (Dorr et al. 2005b). In those 
studies, the optimum therapeutic strategy involved three 
applications of rHuKGF during the course of radiation 
therapy; however, greater than three did not offer any 
significant improvement (Dorr et al. 2005c). Thus, it 
appears there is a cumulative dose threshold for which 
no greater protection is achieved with higher doses or 
further treatment. The radioprotective effect was pre-
served when chemotherapy (5-FU and cisplatin) was 
combined with radiation (Dorr et al. 2005a). 

KGF has been shown to be a direct stimulator of 
type II pneumocytes both in vitro and in vivo (Ulich 
et al. 1994; Terry et al. 2004). Chen et al. (2004) found 
high doses of recombinant human KGF (15 mg/kg) 
given i.v. 15 min prior to the last fraction of radiation 
offered significant protection against radiation-induced 
pulmonary injury. The protective effect was assessed 
using functional injury (breathing frequency) and his-
tological, morphological, and immunohistochemical 
staining for architectural/structural distortion, collagen 
deposition, and activation of the TGFβ/Smad signaling 
pathway. The protective effect of rHuKGF on the lung is 
described to be a result of type II pneumocyte differen-
tiation to type I pneumocytes, which normally comprise 
95% of the alveolar surface area, concurrent with apop-
tosis of hyperplastic alveolar type II cells (Fehrenbach 
et al. 1999, 2000, 2002). Terry et al. (2004) described 
an actively proliferating pulmonary environment after 
stimulation with rHuKGF. Terry found whole thorax ir-
radiation to mice at the time of increased alveolar epi-
thelial cellularity (after KGF delivery) resulted in a right 
shift in the dose response curve for radiation-induced 
pneumonitis. Jaal and Dorr recently completed a new 
study to investigate the effect of rHuKGF on mouse 
urinary bladder. A single dose of 15mg/kg given sub-
cutaneously prior to irradiation reduced both the early 
and late effects of bladder toxicity. The same effect was 
not observed when given after irradiation (Jaal et al. 
2007); however, longer administration of the drug post-
irradiation may provide better results. 

12.3.3  
Angiotensin-Converting Enzyme (ACE) 

The success of angiotensin-converting enzyme inhibi-
tors and AngII receptor antagonists for reducing the de-
velopment of late injury has been shown in a number of 

published studies during the past 2 decades (Moulder 
et al. 1993, 1996, 197a, 1997b, 1998a, 1998b, 1998c, 2003, 
2007b; Cohen et al. 1997; Molteni et al. 2000; 2007). 
Indirect evidence for the role of a renin-angiotensin 
system in radiation-induced delayed injury stems from 
studies using ACE inhibitors to successfully reduce the 
severity of delayed radiation nephropathy; however, no 
evidence of alterations in either the enzyme renin or its 
substrate, angiotensin II, have been found. 

The utility of ACE inhibitors has been investigated 
primarily in animal models of radiation nephropathy. 
Radiation nephropathy is characterized by tubulointer-
stitial fibrosis and glomerulosclerosis, leading to renal 
failure (Robbins et al. 2006). Within 5 weeks after bilat-
eral or total body irradiation followed by bone marrow 
transplant, there is an increase in the number of cells 
staining positive for proliferating cell nuclear antigen, 
suggesting irradiation induces an increase in renal tu-
bular cell proliferation. It was thought cellular prolifera-
tion or chronic oxidative stress may be a target for ACE 
inhibitors and AII blockers (Moulder et al. 2002). 
However, non-thiol-containing ACE inhibitors, such as 
enalapril, were also effective at reducing the severity of 
radiation-induced renal injury diminishing the enthusi-
asm for chronic oxidative stress as the underlying target. 
The thiol-containing captopril was one of the first ACE 
inhibitors proven to both prevent and treat radiation 
nephropathy. Moulder and colleagues (1998a) found 
the actuarial risk of renal failure after bilateral irradia-
tion in a rat model was significantly reduced with con-
tinuous treatment of Captopril (62.5 mg/l and 500 mg/l) 
or AII blocker (L 158,809) when treatment started 
24 weeks post exposure during the time of established 
injury. Moulder and colleagues (1998b) demonstrated 
the protective effect of Captopril was independent of 
the pharmacologic dose and found low doses achieved 
equally effective mitigation of nephropathy assessed by 
a decrease in azotemia, proteinurea, and histopatho-
logic damage. The same group determined the better 
efficacy of AII blocker as a prophylactic agent compared 
to Captopril was suggestive of dual mechanisms under-
lying the acute and delayed renal responses to radiation. 
At doses below the human MTD, Captopril increased 
survival from 49 weeks (irradiated alone) to 74 weeks 
(P < 0.0001). In these studies, Captopril or AII blocker 
was only effective when given continuously after the de-
velopment of injury. In subsequent studies, the authors 
found ACE inhibitors delivered for short time intervals 
(3-6 weeks) could be effective when delivered between 
3 to 10 weeks post-irradiation, before or after which the 
effectiveness diminished (Cohen et al. 1997; Moulder 
et al. 1998b), coinciding with the time of renal tubular 
cell and glomerular proliferation. However, in those 
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same studies, Moulder and colleagues found that AII 
blockers inhibited renal tubular cell proliferation, but 
had no effect on glomerular cell proliferation. Conse-
quentially, in experimental models of radiation-induced 
pneumonitis and fibrosis, cessation of treatment with 
ACEI has been followed by a rapid deterioration in lung 
injury (Robbins et al. 2006). 

Based on promising animal work, Cohen et al. 
(2008) launched a phase III trial of Captopril vs. pla-
cebo after hematopoeitic stem cell transplant to miti-
gate chronic renal failure. The study included both 
adults and children with various types of leukemia or 
myelodysplastic syndrome. Patients received total body 
irradiation to 14 Gy in nine fractions, with the dose to 
the kidney limited to 9.8 Gy. Captopril was started af-
ter engraftment was confirmed, beginning at a dose of 
6.25 mg b.i.d. and escalating to a dose of 25 mg t.i.d. 
(12.5 mg t.i.d. in children). Unfortunately, the study was 
unable to meet its accrual goals. Despite this problem, 
however, there was a trend toward better preservation of 
renal function in the Captopril-treated group, as mea-
sured by glomerular filtration rate at 1 year (P = 0.07).  
Thus, this study supports the conclusion that an ACE 
inhibitor may mitigate chronic renal failure after radi-
ation-based hematopoeitc stem cell transplant.  This 
study awaits confirmation.

12.3.4  
Statins

The molecular and cellular events leading to late toxic-
ity after RT begin virtually immediately after the first 

exposure to ionizing radiation. Endothelial cell dam-
age plays an important role in this process, and recent 
evidence suggests that the capillary endothelial cell 
may be the first cellular element to be damaged by RT 
(Paris et al. 2001). Late vascular effects include, in ad-
dition to telangiectasia development, capillary collapse, 
thickening of the basement membrane, and loss of clo-
nogenic capacity (Pena et al. 2000). Capillaries also 
may be the most sensitive component of the vascular 
system (Rodemann et al. 2007a). Vascular damage is 
important in the phenotype of RT-induced rectal injury, 
where telangiectatic vessels are often responsible for the 
bleeding characteristic of this condition (Garg et al. 
2006).  

The molecular pathways involved in endothelial cell 
death probably involve both DNA damage-dependent 
and -independent mechanisms (Fig. 12.4). At higher 
doses (10–20 Gy), radiation-induced apoptosis, medi-
ated through the generation of ceramide via the sphino-
myelin pathway (li et al. 2003), appears to be the domi-
nant mechanism. Ceramide mediates the activation 
of three major pathways of endothelial cell apoptosis: 
the MAPK 8 pathway, the mitochondrial pathway, and 
the death receptor (TNF) pathway (rodemann et al. 
2007a).  The MAPK 8 pathway seems dominant, and 
this pathway results in apoptosis through the action 
of effector caspases (rodemann et al. 2007a).  Similar 
processes are thought to mediate a number of other 
chronic conditions, including coronary artery disease 
(forrester et al. 2007).

The cholesterol-lowering agents 3-hydroxy-methyl-
glutaryl Co-A reductase (HMG Co-A reductase) inhibi-
tors (statins) have been demonstrated to reduce the risk 

Fig. 12.4. Pathways of endothelial cell 
apoptosis following exposure to ionizing 
radiation. Reproduced from Rodemann 
(2007a)
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of myocardial infarction, in part, through their vascular 
protective effects, which are not dependent on changes 
in serum cholesterol levels (rosenson 2001). In vitro, 
statins have been shown to inhibit the expression and/
or activity of mediators of inflammation, including re-
active oxygen species, TNFα, cyclooxygenase-2, matrix 
metalloproteinases, and thromboxane A2, while in-
creasing the expression of anti-inflammatory effectors, 
such as nitric oxide synthase (forrester et al. 2007). 

Emerging evidence suggests that statins may afford 
protection against the deleterious effects of ionizing ra-
diation. In vitro, statins have been shown to protect hu-
man endothelial cells from ionizing radiation (gaugler 
et al. 2005; boerma et al. 2006; nubel et al. 2006).  
Multiple mechanisms appear to be involved, including 
attenuation of extracellular stress responses (rikitake 
et al. 2001; morikawa et al. 2002), down-regulation of 
chemokines and chemokine receptors (waehre et al. 
2003), and by exerting anti-inflammatory and anti-
thrombotic effects (undas et al. 2002; perez-guer-
rero et al. 2003; shi et al. 2003; boerma et al. 2006) on 
these cells. After irradiation, there is an early increase 
in pro-inflammatory cytokines (IL-6, TNF-α) and tran-
scription factors (NFκB) leading to the development 
of lymphedema and tissue fibrosis. Statins have been 
shown to reduce vascular endothelial cell activation and 
inflammatory cytokine and transcription factor pro-
duction, specifically IL-6, TNFα, and NFκB (haydont 
et al. 2007a; park et al. 2008a, 2008b). 

The biological rationale for statins as an interven-
tional approach to mitigate radiation-induced injury 
has recently been postulated to result from inhibition of 
the Rho/Rock pathway, which exerts influence over vas-
cular function and pro-inflammatory and pro-fibrotic 
cytokines (haydont et al. 2007b). Gene arrays of irra-
diated tissue have shown divergent expression of genes 
coding for the Rho/Rock pathway from normal tissue 
(bourgier et al. 2005). Furthermore, Bourgier and 
colleagues (2005) treated isolated primary intestinal 
smooth muscle cells from ileal biopsies taken from pa-
tients with late radiation enteritis with Rho inhibitor to 
determine whether it could alter the cells pro-fibrogenic 
phenotype. Inhibition of the Rho pathway decreased 
expression of both connective tissue growth factor and 
collagen type I. The decrease in fibrogenic activity was 
in contrast to isolated untreated cells, which showed 
cytoskeletal rearrangement, alteration in Rho pathway 
gene expression, and increased connective tissue growth 
factor (CTGF) and collagen secretion. Thus, the ability 
of statins to reduce inflammation and fibrotic activity 
(including downregulation of CTGF) when given post-
radiation suggests potential mediation through the Rho/

ROCK pathway. In a subsequent study by Haydont 
et al. (2005), Pravastatin, a hydrophilic statin, reduced 
CTGF, TGFβ, and collagen production from intestinal 
smooth muscle cells isolated from patients with radia-
tion enteritis and improved radiation enteropathy in an 
animal model (haydont et al. 2007a). 

Two independent investigators found statins had 
a limited effect on the early, acute effects of radiation 
on normal intestine; however, they significantly ame-
liorated delayed injury, resulting in less collagen de-
position and reduced mucosal injury (haydont et al. 
2007c; wang et al. 2007b). Haydont et al. further 
evaluated the effect of Pravastatin on three tumor cell 
lines in vivo and demonstrated no protective effect on 
tumor response to radiation.  Thus, statins may have 
the potential to protect against RT-induced late effects, 
and, in fact, atorvastatin is currently being evaluated 
as a treatment to prevent progression of carotid artery 
intima-media damage after RT to the head and neck in 
the Netherlands (F. Stewart, personal communication).

12.3.5  
Pentoxifylline and α-Tocopherol

A number of successful clinical trials carried out over 
the last decade have demonstrated treatment with Pen-
toxifylline (PTX) and alpha-tocopherol (vitamin E) 
during the course of radiation therapy and up to 2 years 
thereafter reverses superficial fibrosis and mitigates 
lung injury. Delanian and colleagues (1999) enrolled 
52 patients with symptomatic radiation-induced su-
perficial fibrosis between 1995 and 1997. Patients were 
treated with a combination of 400 mg PTX and 500 IU 
vitamin E twice per day for 1 year after the develop-
ment of fibrosis. Significant regression (mean RIF sur-
face area) and functional improvement (SOMA) were 
observed 3 months to 1 year after the start of treatment 
with PTX-vitamin E. No unacceptable toxicity with 
PTX and vitamin E was observed in any of the enrolled 
patients. The precise mechanism of action of PTX and 
vitamin E is unknown; however, multiple pre-clinical 
and clinical studies have shown combined treatment 
is more effective than either given alone, suggesting a 
synergistic mechanism of action (lefaix et al. 1999). 
In a follow-up study published in 2005 in the Journal 
of Clinical Oncology, Delanian and colleagues (2005) 
compared short-term (6 to 12 months) versus long-term 
(24 to 48 months) treatment of symptomatic radiation-
induced fibrosis with PTX-vitamin E. Patients receiv-
ing PTX-vitamin E had a 68% reduction in fibrosis at 
24 months. However, the authors found recurrence of 
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radiation-induced fibrosis when PTX-vitamin E treat-
ment was discontinued (6 to 12 month treatment arm). 
The most significant and long-term regression of fibro-
sis occurred in patients treated for 3 or more years. The 
same year, Haddad et al. (2005) published the results 
of a phase II clinical trial with 34 patients treated for 
3 months with 800 mg PTX and 1,000 U vitamin E daily 
for superficial radiation-induced fibrosis. Patients were 
followed for fibrotic surface area regression and grade 
of fibrosis (SOMA scale). Out of the 29 patients who 
completed the study, the mean surface area regression 
at 3 months had decreased by 43% (±19%; P < 0.001). 
Eighteen patients who continued on PTX-vitamin E for 
6 months had a 72% (±15%) reduction in surface area. 
Misirlioglu et al. (2007) evaluated the radioprotective 
benefit of PTX-vitamin E in lung cancer patients receiv-
ing thoracic irradiation. Forty-four patients received 
400 mg PTX three times per day and vitamin E 300 mg 
twice per day during the course of radiation therapy and 
thereafter for 3 months. Patients treated with PTX-vita-
min E had significantly less acute, subacute, and long-
term radiation-induced injury (RTOG/EORTC scale). 
These studies, taken together, suggest PTX-vitamin E 
is most effective when given continuously for months 
to years after radiation. Furthermore, the recurrence of 
fibrosis after cessation of treatment suggests PTX-vita-
min E disrupts the ongoing processes responsible for 
facilitating radiation-induced fibrosis; however, it does 
not permanently irradicate the underlying cause.  More 
work is needed to better define the underlying mecha-
nisms behind the success of this therapy.

12.4  
Targeting Chronic Oxidative Stress

Redox changes in tissue can have profound effects on 
cellular signaling and tissue interactions. In the last 
decade, superoxide (O2¯) and other ROS have been 
shown to play important roles in intracellular signaling 
and cytokine induction and activation (bai et al. 1993; 
riley 1994; mcbride 1995; schmidt-ullrich et al. 
2000; delanian et al. 2001; dhar et al. 2002; mik-
kelsen et al. 2003; cuzzocrea et al. 2004; moeller 
et al. 2004). It is becoming increasingly well known that 
ROS/RNS affect DNA binding and activation of several 
key redox-sensitive transcription factors, such as SP-1, 
AP-1, NF-κB, HIF-1α, and NRF1, and growth factors 
(TGFβ) thought to be involved in radiation-induced 
normal tissue injury. Experimental studies demon-
strate the collapse of antioxidant status, characterized 

by decreased levels of Cu/Zn-SOD and gluthione per-
oxides, occurs within hours following radiation (erkal 
et al. 2006; benderitter et al. 2007; park et al. 2007).  
The prolonged imbalance between oxygen-derived free 
radicals and antioxidant capacity following the initial 
exposure to radiation leads to amplification of signal 
transduction pathways involved in inflammation and 
fibrogenesis (fleckenstein et al. 2007b). Thus, the re-
sult is an uncontrolled and progressive increase in oxi-
dative/nitroxidative stress leading to post-translational 
modification of proteins, changes in transcriptional pat-
terns of genes regulating DNA repair, cell cycle arrest 
and proliferation, altered cell signaling, release of cytok-
ines and growth factors, and inflammation.

A number of biochemical compounds, such as 
cysteine, cysteamine, and pentoxifylline/tocopherol, 
Mn salens, Mn porphyrins, Mn cyclic polyamines, and 
fullerenes, have been used to target oxygen-derived 
free radicals in an attempt to reduce radiation-induced 
damage.  Most notably, thiol compounds (amifos-
tine in particular) have been shown in preclinical and 
clinical settings to reduce normal tissue toxicity from 
radiation (Brizel et al. 2000; Koukourakis and Yan-
nakakis 2001; Vujaskovic et al. 2002, 2007). Thus 
far, amifostine has been the only FDA-approved drug 
for protection against radiation-induced injury in the 
clinical setting.  In the pre-clinical setting, superoxide 
dismutase-based strategies have been shown to offer 
the most effective and efficient antioxidant capability. 
It has been extensively shown that overexpression of 
SOD or therapeutic delivery of exogenous SOD inhib-
its radiation-induced changes in a number of biologi-
cal endpoints, including enzyme activity, membrane 
integrity, DNA damage, cell transformation, and cell 
and animal survival (sanchiz et al. 1996; epperly et al. 
1999; vozenin-brotons et al. 2001; vujaskovic et al. 
2002a; epperly et al. 2003; khan et al. 2003; rabbani 
et al. 2007a; stinivasan et al. 2007). 

The mitigating effect of superoxide dismutases (Cu, 
Zn-SOD; MnSOD) is the result of its catalytic dismu-
tation of superoxide anion (O2¯) in a two-step process 
to oxygen and water. Vujaskovic and colleagues have 
shown manganese porphyrin mimetics of superoxide 
dismutase act as pulmonary radioprotectors in vivo 
as a result of their potent ROS scavenging abilities 
(vujaskovic et al. 2002b; rabbani et al. 2007a, 2007c; 
gauter-fleckenstein et al. 2007). In those stud-
ies, long-term administration of MnSOD mimetic im-
proved pulmonary function and reduced morphologi-
cal and histological damage after radiation (rabbani 
et al. 2007a). Most importantly, activation of redox-sen-
sitive transcription factors and signaling molecules in-
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volved in inflammation, angiogenesis, and fibrosis, such 
as TGF-β, HIF-1α, and NFκB, were greatly reduced. In 
other studies, MnSOD mimetics attenuated levels of 
macrophage inflammatory protein and interleukin-6 
following ischemia/reperfusion injury. In a study by 

Jackson et al. (2007), TGF-β production by hypoxic 
macrophages in vitro could be alleviated by incubation 
with an SOD mimetic, MnTE-2-PyP5+. 

In studies by Epperly et al. (1999), a time-depen-
dent progression in pathologic fibrosis after irradiation 

Table 12.2. Summary of pre-clinical and clinical studies using target based interventions

 Injury type Reference

Transforming growth 
factor-beta (TGFβ) targets

Radiation pneumonitis/fibrosis Preclinical: nishioka et al. 2004; rabbani et al. 2003; 
schultze-mosgau et al. 2003; anscher et al. 2006, 2008

Recombinant human 
keratinocyte growth factor 
(rHuKGF/Palifermin)

Radiation pneumonitis/fibrosis

Esophagitis/nucositis/xerostomia

Gastrointestinal

Bladder

Preclinical: chen et al. 2004; yi et al. 1996

Preclinical: dorr et al. 2001,  2005c, 2005b,  
clinical: radtke et al. 2005; brizel et al. 2008

Preclinical: farrell et al. 1998

Preclinical: jaal et al. 2007

Angiotensin-converting 
enzyme (ACE) inhibitors 
(butylaminiperindopril, 
captopril)

Radiation pneumonitis/fibrosis

Gastrointestinal

Radiation nephropathy

Optical neuropathy

Preclinical: ward et al. 1988, 1989; molteni et al. 2000;  
matej et al. 2007 

Preclinical: moulder et al. 1997a

Preclinical: moulder et al. 1993,  1998a, 2007a; 
cohen et al. 1997 Clinical: cohen et al. 2008

kim et al. 2004; ryu et al. 2007

Statins Radiation induced enteropathy

Pulmonary fibrosis

Preclinical: haydont et al. 2007c; wang et al. 2007b
Preclinical: williams et al. 2004).

Pentoxifylline ± alpha-
tocopherol (vitamin E)

Radiation pneumonitis/fibrosis

Subcutaneous fibrosis

Uterine

Preclinical: rube et al. 2002; koh et al. 1995  
Clinical: misirlioglu et al. 2007; ozturk et al. 2004

Clinical: haddad et al. 2005; okunieff et al. 2004; 
delanian et al. 2003; lefaix et al. 1999; delanian 1998

Clinical: letur-konirsch et al. 2002

Amifostine Multiple Preclinical: vujaskovic et al. 2002c;

Clinical: veerasarn et al. 2006; antonadou et al. 2003, 
2001; komaki et al. 2004; koukourakis et al. 2001; 
phan et al. 2001; movsas et al. 2005; brizel et al. 2000; 
trog et al. 1999

Preclinical: vujaskovic et al. 2007

Superoxide dismutase-
based strategies

 Radiation pneumonitis/fibrosis Preclinical: gauter-fleckenstein et al. 
2007; rabbani et al. 2007c, 2007b, 2005; 
epperly et al. 2004, 2002a; guo et al. 2003
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indicated increased IL-1 mRNA levels correlated with 
early radiation pneumonitis, followed by an increase 
in TGF-β during the development of fibrotic disease 
and mortality. Moreover, Epperly et al. (2000b) 
found manganese-SOD plasmid/liposome complex 
could prevent DNA double-strand breaks, inhibit 
mitochondrial-dependent apoptosis, reduce vascular 
adhesion molecule expression (epperly et al. 2002c), 
and decrease early onset of TGFβ, IL-1, and TNF-α 
mRNA levels (epperly et al. 2000a), as well as  improve 
median survival time (epperly et al. 2000b). A series 
of SOD gene therapy studies in animals have also sug-
gested the protective effect of SOD from radiation tox-
icity in the esophagus and lung (epperly et al. 2000a). 
Furthermore, it has been shown that the administration 
of liposomal Cu/Zn-SOD and MnSOD up to 6 months 
after irradiation in an experimental animal model was 
shown to reverse radiation-induced fibrosis (lefaix 
et al. 1996). Studies using a combined treatment of Cu/
Zn-SOD and L-NAME was effective against indirect 
damage caused by reactive species generated in rat lung 
tissue after radiation (khan et al. 2003). Currently, Cu/
Zn-SOD has been used in the clinical application of 
radiation therapy in Europe to reduce the severity of 
mucositis, cystitis, and fibrosis (sanchiz et al. 1996; 
valencia et al. 2002; esco et al. 2004). Cu/Zn-SOD has 
been shown to reduce DNA damage and chromosomal 
aberrations, decrease activation of pro-inflammatory 
transcription factors and signaling molecules, and ame-
liorate radiation-induced injury (breuer et al. 1992; 
lefaix et al. 1996; delanian et al. 2001; peter et al. 
2001; vozenin-brotons et al. 2001). Multiple stud-
ies have shown superoxide dismutase-based strategies 
reduce expression of pro-inflammatory and profibro-
genic cytokines and growth factors, as well as cellular 
adhesion molecules diminishing leukocyte recruitment 
into the injured tissue. Furthermore, the elimination of 
free-radical bioavailability to activate TGF-β results in 
decreased extracellular matrix formation and increased 
matrix degradation. The consequence is decreased 
inflammation and fibro-proliferation and mitigation 
of architectural/structural damage and overall reduc-
tion in lung injury. Table 12.2 outlines a summary of 
relevant findings.

12.5  
Stem Cell Therapy

Recent insight into the role of stem cells in radiation-
induced injury has opened the door to new therapeutic 

interventions focused on mobilization of bone marrow-
derived stem cells to replenish the depleted cell popu-
lation and restore tissue function after radiation. It has 
been hypothesized that radiation-induced depletion 
of stem cells in the gastrointestinal villi and salivary 
glands contribute to the development of acute and long-
term injury in these tissues. Several investigators have 
hypothesized the dose effect of radiation injury was 
characteristic of the number of stem cells killed after 
radiation. For example, it has been suggested hypos-
alivation following radiation for head and neck cancer 
results from the depletion of the progenitor cell popula-
tion and inability to regenerate acinar and ductal cells 
for normal salivary gland function. Lombaert et al. 
(2006) delivered 15-Gy single-dose irradiation to the 
salivary glands of female mice transplanted with eGFP+ 
bone marrow from male mice. The dose was sufficient 
to induce morphological, histological, and functional 
injury to the submandibular salivary glands. Salivary 
glands from irradiated control mice had complete re-
duction in saliva production at 90 days and substantial 
atrophy of the glands, decrease in perfusion, and acinar 
and ductal cell apoptosis at 130 days after irradiation. 
Bone marrow stem cells from irradiated chimeric mice 
were stimulated at 10, 30, or 60 days with granulocyte-
colony stimulating factor (GCSF). GCSF-stimulated 
mice showed significantly improved tissue function 
measured by increased saliva production, reduced sali-
vary gland atrophy, improved gland color and increased 
gland weight, and restoration of the number of acinar 
and ductal gland cells. Unexpectedly, neither the aci-
nar nor ductal cells of the irradiated eGFP+ chimeric 
mice expressed eGFP/Y chromosome upon histologi-
cal examination, suggesting the increased number of 
acinar and ductal cells was not bone marrow derived. 
Based on the proximity of eGFP signal to myoepithe-
lial cells, the authors could not rule out bone marrow 
origin of myoepithelial cells. However, the presence of 
co-localized CD31 and eGFP in mesenchymal cells led 
the authors to conclude that the majority of the bone 
marrow-derived stem cells in the irradiated tissue were 
endothelial/mesenchymal and that these cells played 
a major role in the restoration of gland function and 
amelioration of histological and morphological injury. 
Studies by Mouiseddine et al. (2007) support the con-
clusions by Lombaert’s study that stem cells of mesen-
chymal origin may play a role in amelioration of radi-
ation-induced injury. Mouissedine et al. (2007) found 
human bone marrow-derived cells migrated to irradi-
ated tissue and tissue outside the irradiated field after 
local or total body irradiation (francois et al. 2006). 
These promising studies encourage further exploration 
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of the potentially beneficial role of stem cell therapy for 
amelioration of radiation-induced normal tissue injury. 

12.6  
Additional Targets

The aforementioned therapeutic interventions have 
been the most well studied; however, as our understand-
ing of the molecular mechanisms of radiation-induced 
normal tissue injury has grown, novel pathways have 
emerged that might be targeted to prevent, mitigate, 
or treat radiation-induced normal tissue. In a recent 
issue of Science, Burdelya and colleagues (2008) used 
a novel agent, CBLB502, to target Toll-like receptor 5, 
a ligand for NFκB expressed on enterocytes, dendritic 
and endothelial cells. Burdelya hypothesized CBLB502, 
a potent NFκB activator, would prevent NFκB-mediated 
p53-dependent apoptosis and improve overall survival. 
In those studies, CBLB502 rescued 87% of mice from 
lethal total body irradiation in the range of 10–13 Gy. 
Similarly, Burdelya found compounds that did not 
activate NFκB in vitro also did not protect mice from 
lethal total body irradiation. These results, along with 
studies using TLR5 knockout mice in which CBLB502 
was ineffective as a radiation protector, led the authors 
to conclude that NFκB-mediated activation of TLR5 
signaling is necessary for protection against radiation-
induced lethality. Molecular analysis of tissue from 
CBLB502-treated animals demonstrated reduced small 
intestine toxicity with CBLB502 as compared to ir-
radiated controls, including significantly less apoptosis 
of cells in the lamina propria and endothelial cells. 
However, CBLB502 was only effective when given pro-
phylatically, thus limiting its use to therapeutic radiation 
rather than use for accidental or deliberate exposures, 
such as in the case of a nuclear accident or attack. At 
lower radiation doses (<9 Gy), CBLB502 improved 
overall animal survival (7% controls vs. 40% treated) 
when given within an hour post-exposure. CBLB502 
underwent further evaluation in non-human primate 
studies. In these studies, CBLB502 did not exhibit any 
signs of toxicity. Non-human primates received 6.5 Gy 
total body irradiation (LD50/70) 45 min after a single 
injection of 0.04 mg/kg CBLB502. CBLB502 increased 
the 40-day survival from 25 to 64%. Likewise, CBLB502 
has been shown to have no radioprotective effect on 
tumors, making this compound an ideal agent for 
clinical trial. 

Other novel pathways for therapeutic intervention 
have focused on neuroimmune interactions and the use 

of neuropeptides. The enteric nervous system has in 
gastrointestinal homeostasis, for example, regulation of 
secretion, motility, immune function, microcirculation, 
as well as orchestrates interactions between the immune 
system and fibroproliferation (wang et al. 2007c). Thus, 
Wang, Hauer-Jensen, and colleagues have performed 
several studies to further explore the role of the neu-
roimmune system in radiation-induced gastrointestinal 
injury. In earlier studies, the group found mast cells to 
be an integral component of the gastrointestinal re-
sponse to radiation. Mast cell-mediated regulation of 
epithelial barrier function and vascular permeability, 
two key components dysregulated in the gastrointesti-
nal syndrome, is under the control of sensory enteric 
nerves. Thus, the neuroimmune interactions between 
these cells provide a potential target for therapeutic in-
tervention (wang et al. 2007a). In a 2006 study, sensory 
nerve ablation using a neuropeptide increased acute 
gastrointestinal toxicity (inflammation, mucosal sur-
face area), yet proved effective in reducing fibrosis by 
a mast-cell dependent mechanism (wang et al. 2006b). 
In further studies, Wang and colleagues (2006a) found 
two neuropeptides, substance P and calcitonin gene-re-
lated peptide (CGRP) were increased after localized ir-
radiation of the intestine. Using substance P and CGRP 
antagonists, the authors found these neuropeptides have 
opposing effects on the intestinal mucosa during the 
development of radiation-induced intestinal injury. The 
authors concluded CGRP antagonists may be beneficial 
as radioprotectors, and further evaluation is warranted 
to evaluate their ability to mitigate radiation-induced 
intestinal injury. 

12.7  
Conclusions

The identification of molecular pathways involved in ra-
diation-induced normal tissue injury has resulted in the 
identification of potential candidates for targeted thera-
pies. To date, few of these compounds have been tested 
in the clinic. The most thoroughly investigated agents 
for use as mitigators and/or treatment for radiation-in-
duced normal tissue injury have been antioxidant com-
pounds, ACE inhibitors, and growth factors. Interest in 
this area of research, however, is growing, and newer 
agents will be developed that may prevent the develop-
ment of radiation-induced injury in the future. Agents 
already in the clinic for other purposes, such as the sta-
tins, are being tested because of mechanisms of action 
that are relevant to radiation protection. Thus, in the 
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near future we should have more to offer patients cur-
rently suffering from normal tissue injury from cancer 
therapy. 
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K E Y  P O I n T S

 DNA damage response mechanisms encompass  •
pathways of DNA repair, cell cycle checkpoint 
arrest, and apoptosis. Together, these mecha-
nisms function to maintain genomic stability 
in the face of exogenous and endogenous DNA 
damage, including damage induced by cancer 
therapy.

 The induction of DNA damage is probably one  •
of the most crucial events after irradiation of 
cells. In this regard, ionizing radiation triggers 
a wide array of lesions including base damage, 
single-strand breaks, and double-strand breaks. 
Persisting damage results in micronuclei forma-
tion, chromosome aberrations, and cell death.

 Two major repair pathways, homologous re- •
combination and non-homologous end-joining, 
have evolved to deal with double-strand breaks.

 More recently a novel link between epidermal  •
growth factor receptor (EGFR) signaling path-
ways and DNA repair mechanisms, especially 
non-homologous end-joining, could be dem-
onstrated.

 Cell death and survival decisions are recipro- •
cally regulated by the balance between a large 
family of pro- and antiapoptotic proteins.

 Drug resistance in experimental tumors might  •
be caused by upregulation of drug transporters 
or by interference with apoptosis/senescence.

 Membrane proteins, notably MDR, MRP, and  •
BCRP of the ATP binding cassette transporter 
family encoding efflux pumps, play important 
roles in the development of multidrug resis-
tance.

 Overexpression of these transporters has been  •
observed frequently in many types of human 
malignancies and correlated with poor re-
sponses to chemotherapeutic agents.

C. Nieder, MD
Professor, University of Tromsø
Department of Internal Medicine – Oncology, Nordlandssyke-
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Abstract

The clinical experience from numerous well-controlled 
large-scale studies trying to improve the results of radio- 
and pharmacotherapy of advanced malignant tumors 
by, e. g., dose escalation and/or addition of new drugs 
or other treatment modifiers suggests that great expec-
tations based on sound rationales often result in small 
improvements of outcome. This has led to experimental 
and translational studies of the mechanisms that allow 
cancer cells to escape cytotoxic treatment or develop 
resistance. The present chapter summarizes our current 
knowledge on selected mechanisms and pathways, e.g., 
related to DNA damage repair.

13.1  
Introduction

The human body is continuously exposed to a large 
number of damaging agents, and among these are vari-
ous types of ionizing radiation. Defense or detoxifica-
tion and repair mechanisms are thus necessary to en-
sure survival of individual cells and the whole organism 
in a challenging environment. Misrepair of DNA dam-
age might lead to permanent mutations and eventually 
carcinogenesis. While in principle useful and beneficial 
strategies, the different components of repair create 
serious obstacles to effective killing of unwanted cells, 
such as those having acquired a malignant phenotype 
and thereby threatening the organism by their ability 
to undergo uncontrolled divisions and metastasis to 
distant sites. It has recently been suggested that cancer 
stem cells are relatively quiescent cells, which are espe-
cially difficult to eradicate (Eyler and Rich 2008; Vis-
vader and Lindemann 2008). Contributing factors 
include lower levels of apoptosis, more rapid damage 
repair, basal activation of DNA damage checkpoints, 
expression of drug pumps, and production of higher 
amounts of growth factors such as vascular endothelial 
growth factor. However, this subject has already been 
discussed in more detail in other chapters of this book 
and will not be repeated here. This chapter provides a 
condensed overview of the most important mechanisms 
and pathways that allow malignant cells to escape the 
damaging effects of commonly used treatments, par-
ticularly radio- and chemotherapy (Table 13.1). DNA 
damage response mechanisms encompass pathways of 
DNA repair, cell cycle checkpoint arrest, and apopto-
sis. Together, these mechanisms function to maintain 
genomic stability in the face of exogenous and endog-
enous DNA damage.

13.2  
Radiotherapy

The induction of DNA damage is probably one of the 
most crucial events after irradiation of cells. In this re-
gard, ionizing radiation triggers a wide array of lesions 
including base damage, single-strand breaks, and, no-
tably, double-strand breaks (DSB). Persisting damage 
results in micronuclei formation, chromosome aberra-
tions, and cell death. After irradiation, different molecu-
lar systems are involved in recognition and repair of the 
damage (Kao et al. 2005). Ataxia telangiectasia mutated 
(ATM) is activated in response to DSBs and initiates 
cell cycle checkpoint arrest (Jeggo and Löbrich 2006). 
The response to DNA breaks requires the coordinated 
effort of the ATM-CHK2-p53 and ATR-CHK1 DNA 
damage-sensing pathways and DNA repair (e.g., DNA-
PK and RAD51 complexes). The turnover of many of 
these DNA damage-associated proteins is controlled by 
the 26S proteasome (Choudhury et al. 2006). Accu-
mulating evidence also indicates that the transcription 
factor nuclear factor-kappaB (NF-kappaB) plays a criti-
cal role in cellular protection against a variety of geno-
toxic agents including ionizing radiation, and inhibition 
of NF-kappaB leads to radiosensitization in radioresis-
tant cancer cells. NF-kappaB was found to be defective 
in cells from patients with A-T (ataxia-telangiectasia) 
who are highly sensitive to DNA damage induced by 
ionizing radiation and UV lights. Both ATM and NF-
kappaB deficiencies result in increased sensitivity to 

Table 13.1. Factors that contribute to treatment resistance 
and failure

Low inherent radiosensitivity

Large number of malignant cells

Proliferation status and cell cycle phase

Ability to repair damage and/or respond to stress

Deficient cell death mechanisms

Use of agents that modify the response, e.g., radical 
scavengers

Use of antagonistic combinations of drugs

Intrinsic and acquired resistance to cytotoxic drugs, hormo-
nal treatment, angiogenesis inhibition, etc.

Physiological mechanisms as summarized in Chap. 15

C. Nieder244



DNA DSBs. p53, the guardian of the genome, has long 
been considered a major player in determining the out-
come of cancer treatment because of its role as a me-
diator of growth arrest and apoptosis after exposure to 
chemo- and radiotherapy (Nieder et al. 2000; Thames 
et al. 2002; Bassett et al. 2008; Williams et al. 2008). 
However, not all cancer cell lines that contain mutant 
p53 are resistant to treatment (Hiro et al. 2008). Clini-
cal data also confirm that other factors outweigh the in-
fluence of p53, among these the results from the large 
trial by the Danish Breast Cancer Group where tissue 
microarray sections of 1,000 breast cancer patients were 
stained by immunohistochemical methods for p53 and 
BCL-2 (Kyndi et al. 2008).

Whereas most of the induced damage is quickly 
repaired, DSB repair is slow and unrepaired DSBs are 
important for the final induction of cell death. In higher 
eukaryotic cells, DSBs in chromatin promptly initiate 
the phosphorylation of the histone H2A variant, H2AX, 
at serine 139 to generate gamma-H2AX. This phospho-
rylation event requires the activation of the phosphati-
dylinositol-3-OH-kinase-like family of protein kinases, 
DNA-protein kinase (PK)Cs, ATM, and ATR, and serves 
as a landing pad for the accumulation and retention 
of the central components of the signaling cascade 
initiated by DNA damage. Regions in chromatin with 
gamma-H2AX are conveniently detected by immuno-
fluorescence microscopy and serve as beacons of DSBs. 
This has allowed the development of an assay that has 
proved particularly useful in the molecular analysis of 
the processing of DSBs.

Many chemotherapeutic agents, especially those 
known to be of value in combination with radiation, 
also induce considerable DNA damage or interfere with 
effective DNA repair. Cisplatin, for example, acts by 
complex formation with guanosine residues and sub-
sequent adduct formation ultimately resulting in intra- 
and interstrand crosslinks. This type of damage is mostly 
removed by base excision repair and mismatch repair. 
Several sets of data suggest that single-strand damage 
induced by radiation in close vicinity to DNA damage 
triggered by cisplatin results in a mutual inhibition of 
the damage-specific repair system; thus, the amount 
of resulting damage leads to an increased net cell kill 
(Begg 1990; Yang et al. 1995). ERCC1, a structure-
specific endonuclease involved in nucleotide excision 
repair and homologous recombination (HR), confers 
resistance to cisplatin. Patients with ERCC1-negative 
non-small cell lung cancer were shown to benefit from 
adjuvant cisplatin-based chemotherapy.

The biochemical pathways implicated in DNA re-
pair and DNA synthesis overlap in several regards; 
thus, drugs acting on the synthesis of DNA putatively 

also interfere with the repair of DNA damage induced 
by ionizing radiation. Several prototypical radiation 
sensitizers may act via these mechanisms. Besides cis-
platin, 5-fluorouracil (5-FU) is probably the most com-
monly employed drug in clinical combined modality 
settings. Basically, 5-FU inhibits thymidylate synthase 
thereby reducing the intracellular pool of nucleoside 
triphosphates (Pinedo and Peters 1988; Miller and 
Kinsella 1992). In addition, the drug is integrated into 
DNA via fluorodeoxyuridine, also contributing to its 
antineoplastic effects. Several lines of evidence suggest 
that the amount of 5-FU integrated into DNA directly 
correlates with the radiosensitizing effect.

Two major pathways, HR and non-homologous 
end-joining (NHEJ), have evolved to deal with DSBs, 
and are conserved from yeast to vertebrates. Despite 
the conservation of these pathways, their relative con-
tribution to DSB repair varies greatly between these two 
species. HR plays a dominant role in any DSB repair in 
yeast, whereas NHEJ significantly contributes to DSB 
repair in vertebrates. Much more details on this issue 
are provided in chapter 14. NHEJ is a pathway that 
rejoins DNA ends, usually after removal of a limited 
number of base pairs. It is initiated by the Ku70/Ku80 
heterodimer, which binds to DNA ends and recruits the 
DNA-PKCs. The latter can phosphorylate a variety of re-
pair proteins.

More recently a novel link between epidermal 
growth factor receptor (EGFR) signaling pathways and 
DNA repair mechanisms, especially NHEJ repair, could 
be demonstrated (Rodemann et al. 2007). After ob-
servations demonstrating the initial radiation-induced 
activation of the EGFR approximately 0–10 min after 
exposure, it became evident that the EGFR also is re-
activated approximately 60–180+ min after irradiation. 
The primary mode of receptor activation at these later 
times occurred via a paracrine/autocrine mechanism 
(Dent et al. 1999; Shvartsman et al. 2002). The ini-
tial activation of EGFR1 and the ERK1/2 pathway was 
directly responsible for the cleavage, release, and func-
tional activation of presynthesized paracrine ligands, 
such as pro-transforming growth factor (TGF)-alpha, 
that fed back onto the irradiated tumor cell, thereby re-
energizing the signaling system (Hagan et al. 2004). 
Signaling by the EGFR family of receptors is, in general, 
believed to be pro-proliferative and cytoprotective. In 
vitro and xenograft tumor animal model studies have 
strongly argued that inhibition of EGFR function using 
single drug/antibody dosing has radiosensitizing effects 
(Bianco et al. 2002; Chinnaiyan et al. 2005; Harari 
2007). Data from several groups have demonstrated 
that the PI3K pathway is a key radioprotective pathway 
downstream of receptors and RAS proteins. Inhibition 
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of PI3K pathway function by use of small molecule in-
hibitors radiosensitizes tumor cells expressing mutant 
active RAS molecules or wild-type RAS molecules that 
are constitutively active due to upstream growth fac-
tor receptor signaling. It is possible that PI3K inhibi-
tors may also exert a portion of their radiosensitizing 
properties by suppressing the function of proteins with 
PI3K-like kinase domains, such as ATM, ataxia-telangi-
ectasia- and rad3-related (ATR), and DNA-PK.

Growth factor-induced signaling from EGFR 
through the PI3K/AKT and RAF-1/ERK1/2 pathways 
can increase expression of multiple antiapoptotic pro-
teins, including BCL-XL, MCL-1, and c-FLIP isoforms, 
as well as the phosphorylation and inactivation of 
pro-apoptotic proteins including BAD, BIM, and pro-
caspase 9 (Osaki et al. 2004; Caro and Cederbaum 
2006; Grethe and Porn-Ares 2006; Majumdar and 
Du 2006). Radiation-induced ERK1/2 activation has 
also been linked to increased expression of the DNA re-
pair proteins ERCC1, XRCC1, and XPC (Yacoub et al. 
2003).

Single-strand breaks (SSBs) can occur in cells either 
directly, or indirectly following initiation of base exci-
sion repair. SSBs generally have blocked termini lacking 
the conventional 5'-phosphate and 3'-hydroxyl groups 
and require further processing prior to DNA synthesis 
and ligation. XRCC1 is devoid of any known enzymatic 
activity, but it can physically interact with other proteins 
involved in all stages of the overlapping SSB repair and 
base excision repair pathways, including those that con-
duct the rate-limiting end-tailoring, and in many cases 
can stimulate their enzymatic activities. XRCC1(−/−) 
cells are also sensitized by PARP inhibition demonstrat-
ing that PARP-mediated poly(ADP-ribosyl)ation plays a 
role in modulation of cytotoxicity beyond recruitment of 
XRCC1 to sites of DNA damage (Horton et al. 2008).

13.3  
Chemotherapy

Solid tumors usually have multiple abnormal pathways 
or genetic changes so that a single drug usually is not 
sufficient for permanent tumor suppression. Many an-
ticancer drugs are cell-cycle specific and therefore most 
active against cells that are proliferating. Thus, the non-
proliferating fraction is difficult to eradicate. Tumor re-
growth in between cycles of therapy also contributes to 
limited efficacy. Pharmacotherapy is limited by the fact 
that the dose of the active, cell killing form of the com-
pound is variable within the tumor and its cells. This re-
sults from problems in the delivery of drugs (perfusion, 

interstitial fluid pressure, tissue pH, protein binding, 
etc.), cellular uptake, efflux, metabolization, inactiva-
tion, and resistance. In fact, the pharmacokinetic profile 
of anticancer drugs is characterized by substantial inter-
patient variability where two- to threefold variation is 
not uncommon. These issues even gain complexity with 
simultaneous administration of two or more drugs. De-
pending on variations in actual drug concentration, a 
fixed combination of two drugs might either show ad-
ditivity or antagonism in the same tumor cells. Borst 
et al. (2007) have studied mouse mammary tumors in-
duced by conditional deletion of Brca1 and p53. These 
tumors responded to monotherapy with the maximal 
tolerable dose of doxorubicin, or docetaxel, but eventu-
ally always became resistant to the drugs. Resistance in 
most tumors was caused by upregulation of drug trans-
porters and not by interference with apoptosis/senes-
cence.

As the importance of drug transporters in the clini-
cal pharmacokinetics of drugs is recognized, genetic 
polymorphisms of drug transporters have emerged as 
one of the determinant factors to produce the interin-
dividual variability of pharmacokinetics. Many clinical 
studies have shown the influence of genetic polymor-
phisms of drug transporters on the pharmacokinetics 
and subsequent pharmacological and toxicological ef-
fects of drugs. The functional change in a transporter 
in clearance organs such as liver and kidney affects the 
drug concentration in the blood circulation, while that 
in the pharmacological or toxicological target can al-
ter the local concentration at the target sites without 
changing its plasma concentration. As for the trans-
porters for organic anions, some single nucleotide 
polymorphisms (SNPs) or haplotypes occurring with 
high frequency in organic anion transporting poly-
peptide (OATP) 1B1, multidrug resistance 1 (MDR1), 
and breast cancer resistance protein (BCRP) have been 
extensively investigated in both human clinical studies 
and in vitro functional assays (Maeda and Sugiyama 
2008). Membrane proteins, notably MDR, multidrug 
resistance protein (MRP), and BCRP of the ATP bind-
ing cassette (ABC) transporter family encoding efflux 
pumps, play important roles in the development of mul-
tidrug resistance. Overexpression of these transporters 
has been observed frequently in many types of human 
malignancies and correlated with poor responses to 
chemotherapeutic agents. Evidence has accumulated 
showing that redox signals are activated in response to 
drug treatments that affect the expression and activity 
of these transporters by multiple mechanisms, includ-
ing (a) conformational changes in the transporters, (b) 
regulation of the biosynthesis cofactors required for the 
transporter’s function, (c) regulation of the expression 

C. Nieder246



of transporters at transcriptional, posttranscriptional, 
and epigenetic levels, and (d) amplification of the copy 
number of genes encoding these transporters (Kuo 
2009).

Cells surviving initial chemotherapy may upregulate 
active resistance mechanisms, which allows for growth 
despite therapy (Stewart et al. 2007). Furthermore, 
cells may survive until therapy cessation by downregu-
lating metabolism/cycling, becoming temporarily qui-
escent. Expression levels of intact tumor suppressor 
proteins and molecular targets of antineoplastic agents 
are critical in defining cancer cell drug sensitivity; how-
ever, the intracellular location of a specific protein may 
be as important. Many tumor suppressor proteins must 
be present in the cell nucleus to perform their policing 
activities or for the cell to respond to chemotherapeutic 
agents. Nuclear proteins needed to prevent cancer ini-
tiation or progression or to optimize chemotherapeutic 
response include the tumor suppressor proteins p53, 
APC/beta-catenin, and FOXO family genes; negative 
regulators of cell cycle progression and survival such as 
p21(CIP1) and p27(KIP1); and chemotherapeutic tar-
gets such as DNA topoisomerases I and IIalpha. Mis-
localization of a nuclear protein into the cytoplasm can 
render it ineffective as a tumor suppressor or as a target 
for chemotherapy. During disease progression or in re-
sponse to the tumor environment, cancer cells appear to 
acquire intracellular mechanisms to export anticancer 
nuclear proteins. These mechanisms generally involve 
modification of nuclear proteins, causing the proteins 
to reveal leucine-rich nuclear export signal protein 
sequences. Subsequent export is mediated by CRM1 
(Turner and Sullivan 2008).

13.3.1  
The Glioblastoma Example

The main prerequisites of successful chemotherapy are 
sensitivity of the tumor cells to the mechanisms of the 
drug and sufficient drug exposure. The key issues of 
tumor heterogeneity with primary and acquired resis-
tance as well as pharmacokinetics, pharmacodynamics, 
and tumor microenvironment deserve particular atten-
tion because of several facts that are specific for brain 
tumors. First of all, the intact blood-brain barrier (BBB) 
prevents access to the brain for several compounds. 
Even in areas of BBB disturbance, as present for exam-
ple in high-grade glioma, the effects of contemporary 
drug treatment are not satisfactory. Thus, achieving 
therapeutic concentrations in distal, seemingly intact 
areas that also are known to contain infiltrating tumor 
cells remains an enormous challenge. Various strate-

gies of modified application or increased dose have 
been explored, including intra-arterial, intrathecal, and 
intratumoral delivery as well as disruption of the BBB. 
Furthermore, many patients with brain tumors are able 
to metabolize chemotherapy drugs more rapidly than 
other tumor patients because of concomitant enzyme-
inducing medications that are necessary to treat or pre-
vent seizures (Nieder et al. 2006). Phenytoin, carbam-
azepine, and phenobarbital induce hepatic cytochrome 
P450 enzymes, resulting for example in higher maxi-
mum tolerated drug doses. It is also important to notice 
the possibility of decreased drug effectiveness from cor-
ticosteroid treatment. Possible drug resistance mecha-
nisms include the cell membrane protein P-glycoprotein 
(PGP), an energy-dependent drug efflux pump remov-
ing a wide range of lipophilic chemotherapy agents. 
PGP expression has been described in tumor blood 
vessels as well as neoplastic cells of high-grade glioma 
(Von Bossanyi et al. 1997). Another mechanism is in-
tracellular drug inactivation or transformation as a re-
sult of increased concentrations of detoxifying enzymes 
such as glutathione S-transferases (GST), O6-methyl-
guanine methyltransferase (MGMT), or PARP. GST 
catalyzes the conjugation of glutathione with a large 
number of compounds with an electrophilic center, 
including chemotherapeutic agents. Nitrosoureas may 
be deactivated by denitrosylation via GST or methyla-
tion by MGMT. Belanich et al. (1996) showed that 
BCNU-treated patients with high levels of MGMT had 
a significantly shorter time to progression and overall 
survival than those with lower levels. Friedman et al. 
(1998) reported that MGMT level might be a valuable 
predictive factor for response to temozolomide. It has 
recently been investigated whether MGMT promoter 
methylation in glioblastoma tissue from 206, i.e., 36% 
of all, patients in the randomized EORTC/NCIC trial 
is associated with a benefit from temozolomide (Hegi 
et al. 2005). Of these samples, 45% had detectable meth-
ylation, which leads to a loss of MGMT expression and 
reduced DNA repair capacity. Unrepaired lesions might 
trigger cell-death cascades. Consistent with these facts, 
overall survival was better in patients with methylated 
promoter in both groups (radiotherapy and radiother-
apy plus temozolomide). Furthermore, patients with 
methylated promoter and reduced MGMT expression 
treated with radiotherapy had a median survival of 
15 months, and those treated with radiation plus te-
mozolomide of 22 months (p=0.007). In the unmethy-
lated group, the difference in median survival was only 
1 month (p=0.06). Especially for these patients, alterna-
tive treatments need to be studied. Pretreatment with 
O6-methylguanine, which inactivates the enzyme, may 
overcome resistance.
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13.3.2  
Epidermal Growth Factor Receptor Inhibition

The observation that only a minority of patients respond 
to EGFR-targeted therapies, in combination with their 
toxicity and high costs, has driven the search for mo-
lecular markers predictive of response. It has recently 
been discovered that mutations in the KRAS oncogene 
constitute a negative predictive marker in the setting 
of colorectal cancer, namely that their presence can be 
used to predict which patients are unlikely to benefit 
from treatment with EGFR-directed therapy (Garcia 
et al. 2008).

Growth and proliferation responses mediated by 
the ErbB family of receptor tyrosine kinases are often 
dysregulated in breast cancer, resulting in an aggres-
sive course of disease and, historically, a poorer prog-
nosis. The inhibition of ErbB-mediated signaling us-
ing recently developed monoclonal antibodies and 
small molecule tyrosine kinase inhibitors has resulted 
in significant clinical benefit for patients with this tu-
mor phenotype in the metastatic and adjuvant settings. 
However, many ErbB2-positive cancers exhibit intrinsic 
resistance, and the widespread development of acquired 
resistance to ErbB-targeted agents remains a substantial 
clinical problem. There are many potential mechanisms 
for resistance to this type of therapy, including the for-
mation of alternative ErbB signaling complexes and 
crosstalk with other pathways. Lapatinib is a selective 
small molecule inhibitor of ErbB2 and EGFR tyrosine 
kinases that was recently approved for ErbB2+ breast 
cancers that progressed on trastuzumab-based therapy. 
The efficacy of lapatinib as a monotherapy or in com-
bination with chemotherapy, however, is limited by the 
development of therapeutic resistance that typically oc-
curs within 12 months of starting therapy. In contrast 
to small molecule inhibitors targeting other receptor 
tyrosine kinases where resistance has been attributed 
to mutations within the targeted receptor, ErbB2 muta-
tions have not been commonly found in breast tumors. 
Instead, acquired resistance to lapatinib seems to be 
mediated by redundant survival pathways that are ac-
tivated as a consequence of marked inhibition of ErbB2 
kinase activity. For example, inhibition of phosphati-
dylinositol 3 kinase-Akt in lapatinib-treated cells leads 
to derepression of FOXO3A, a transcription factor that 
upregulates estrogen receptor (ER) signaling, resulting 
in a switch in the regulation of survival factors (e.g., 
survivin) and cell survival from ErbB2 alone to ER and 
ErbB2 in resistant cells (Chen et al. 2008).

Several possible explanations exist as to why a drug 
effect observed in vitro or in animals does not translate 
into a profound antitumor effect in patients:

1. The required inhibitory concentration of the drug 
and the drug half-life are not achievable and are too 
short for a therapeutic effect, respectively, in pa-
tients.

2. The relative dependency (addiction) of cultured tu-
mor cell isolates on EGFR signaling, including ex-
pression of hyperactive EGFR mutants (e.g., EGFR1 
L858R), when compared to actual tumors in pa-
tients, may be biased based on in vitro studies that 
use established cell lines. Also, the development of 
drug-resistant EGFR mutants in patients after long-
term exposure to EGFR inhibitors (e.g., EGFR1 
T790M) may preclude drug actions.

3. Exposure of tumor cells in vitro to kinase and other 
inhibitors, such as tamoxifen, has argued that com-
pensatory activation of parallel growth factor recep-
tors (such as the IGF-1 receptor and c-Kit) occurs to 
replace the loss of EGFR receptor signaling caused 
by drug exposure and acts to maintain tumor cell 
survival (Kwak et al. 2005; Thomas et al. 2005; 
Hutcheson et al. 2006).

4. The EGFR inhibitors that are often used in therapy 
only inhibit one EGFR family member, such as 
EGFR1, and, in a similar conceptual manner to the 
third point just listed, other EGFR family members, 
such as EGFR2, may provide compensatory survival 
signaling to overcome loss of survival signaling from 
the inhibited receptor.

5. The development of other somatic mutations in sur-
vival signaling with the tumor cell, such as loss of 
PTEN (phosphatase and tensin homologue de leted 
in chromosome 10) function, which may be se-
lected for in tumor cells undergoing EGFR inhibitor 
therapy, will lead to the development of tumor cells 
that are more resistant in general to the inhibitors of 
growth factor receptors.

13.3.3  
Small Molecule BCL-2 Family Modulators

Cell death and survival decisions are reciprocally regu-
lated by the balance between a large family of pro- (e.g., 
BAX, BAK, BAD, etc.) and antiapoptotic (e.g., BCL-2, 
BCL-XL, MCL-1, A1, c-FLIP-s, XIAP, etc.) proteins 
(Reed 1998). There has been extensive interest in at-
tempts to shift the balance away from survival and to-
ward apoptosis in tumor cells through the use of vari-
ous molecules that regulate these apoptotic modulators. 
For example, antisense oligonucleotides directed against 
BCL-2 have been employed clinically in an attempt to 
lower the apoptotic threshold for established cytotoxic 
drugs (Marcucci et al. 2003). An alternative approach 
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involves the use of small molecules that interfere with 
the actions of various antiapoptotic proteins (Wang 
et al. 2000; Oltersdorf et al. 2005) and antagonists of 
XIAP (Schimmer et al. 2004).

As noted previously, it has been established that 
the net output of stress-related versus survival-related 
pathways can determine whether a cell lives or dies 
(Xia et al. 1995). Although the mechanism(s) by which 
the MEK1/2-ERK1/2 pathway promotes survival is not 
known with certainty, it is known that JNK may be di-
rectly involved in the induction of mitochondrial injury 
(Tournier et al. 2000), and that induction of ERK1/2 
can oppose the action of certain pro-apoptotic proteins 
(e.g., caspase-9, BIM, BAD) (Allan et al. 2003; von 
Gise et al. 2001). However, a growing body of evidence 
suggests that MEK1/2 inhibition can lower the thresh-
old for cell death for a variety of other targeted agents, 
and that such synergistic interactions might improve 
combined drug treatment.
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K E Y  P O I n T S

 DNA damage is now known to affect every as- •
pect of the cellular metabolism and to include 
extensive modifications in transcriptional reg-
ulation, as well as life-or-death decisions. 

 Simple DNA lesions can be repaired by exci- •
sion of damaged nucleotides and resynthesis of 
the missing segments of the molecule by using 
the intact strand as template.

 Complex lesions affecting both DNA strands  •
cause a failure of the fundamental requirement 
for repair, i. e., the presence of an intact com-
plementary strand. 

 The generation of localized, multiple ionization  •
events by single-particle traversals is a unique 
property of ionizing radiation (IR) and the 
main cause for the high efficiency of induction 
of double-stranded breaks (DSBs) and other 
complex DNA lesions. 

 Critical for damage responses are kinases of  •
the phosphatidylinositol 3–like kinase family, 
mainly DNA-PK, ATM, and ATR. 

 The repair kinetics of X-ray–induced DSBs  •
are described by a biphasic curve eventually 
reaching a plateau. For most cell lines, the fast 
component includes about 30%, and the slow 
component about 60%, of all DSBs induced. 
The plateau reflects the number of nonrejoined 
DSBs but may also include misjoining events. 

 Repair of DSBs in mammalian cells is domi- •
nated by the efficient repair pathway of non-
homologous endjoining (NHEJ). Homology-
dependent pathways can also be employed, but 
they appear restricted to the S–G2 phase of the 
cell cycle. 

 The NHEJ pathway operates with very fast ki- •
netics and has been shown to require a set of 
“core” proteins performing well-described 
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Abstract

Ionizing radiation (IR) induces a diverse spectrum of 
DNA lesions, among which the DNA double-stranded 
break (DSB) is the most critical; both with respect to 
cell lethality, as well as with respect to the induction of 
mutations leading to genomic instability and cancer. 
Mammalian cells have developed multifaceted machin-
ery to detect and restore this type of damage. As a result, 
most IR-induced DSBs are repaired efficiently. However, 
despite efficient repair, the probability for error-prone 
processing remains considerably higher for DNA DSBs 
than for other IR-induced DNA lesions. Therefore, af-
ter exposure to IR, unrepaired or misrepaired DSBs are 
the main cause of cell lethality and mutation induction. 
Here, we review the molecular processes elicited in 
mammalian cells on induction of DSBs. In addition to 
the pathways recruited for their repair, we describe sig-
naling processes that detect this lesion and interphase 
with the cell cycle engine in an effort to delay cell cycle 
transitions that could interfere with repair. Molecular 
characterization of these pathways and processes offers 
unique opportunities for defining useful predictors of 
cellular response to IR and appropriate targets for op-
timizing the application of radiation in the clinical set-
ting for the treatment of human cancer. 

14.1  
Introduction

Ionization events in the nucleus damage constituents of 
the DNA – the primary target of most adverse radiation 
effects in higher eukaryotes. Single ionizations break 
the sugar–phosphate backbone of the DNA to gener-
ate single-strand breaks (SSB), which need to be re-
sealed, or damage bases in the interior of the helix that 
require replacement. Such simple DNA lesions can be 
repaired by excision of damaged nucleotides and resyn-
thesis of the missing segments of the molecule, using 
the intact strand as template (Caldecott 2008; David 
et al. 2007). It is thought that the double-stranded na-
ture of DNA evolved mainly to ensure its preservation 
through repair mechanisms developed on the principle 
of strand complementarity. As a result, isolated, single 
DNA lesions are repaired efficiently in a predominantly 
error-free manner and carry only a low probability for 
lethality or mutagenicity. Similar isolated DNA lesions 
can also be produced by ongoing cellular metabolic 
processes. Indeed, it is estimated that as a result of the 
intracellular oxidative metabolism as well as of spon-
taneous base hydrolysis and deamination, thousands 
of DNA lesions are produced per cell every day. Then 
what is the discriminating feature of ionizing radiation 
(IR) that underlies its highly cytotoxic and mutagenic 
potential? 

Ionization events generated by charged particles are 
not evenly distributed but are instead localized along 
their trajectories, particularly at the end of tracks, gen-
erating blobs and spurs of energy deposition (Good-
head 2006; Nikjoo et al. 1998). This leads to accumu-
lation of chemically distinct damages in a small segment 
of the DNA, referred to as a locally multiply damage site 
(LMDS), or simply as a complex lesion. Complex lesions 
affecting both DNA strands cause a failure of the above-
discussed fundamental requirement for repair, i.e., the 
presence of an intact complementary strand. Among 
complex radiation-induced DNA lesions, the simplest 
is the DNA double-strand break (DSB), formed by two 
SSBs generated in close proximity in the complemen-
tary DNA strands. In principle, one DSB can be origi-
nated either from one or from two different particles. 
However, the linear yield of DSBs with dose implicates 
coordinated ionizations within a single track in their in-
duction. The generation of localized, multiple ionization 
events by single-particle traversals is a unique property 
of IR and the main cause for the high efficiency of in-
duction of DSBs and other complex DNA lesions. 

Because the number of ionizations induced in the 
DNA by spurs and blobs is not limited to two and can 

functions. Lack of core proteins renders cells 
remarkably repair deficient and highly sensi-
tive to IR and other DSB-inducing agents. 

 Endjoining components like Ku or XRCC4 ex- •
ert a dominant role in this repair pathway in 
the sense that their presence prevents the uti-
lization of other pathways such as B-NHEJ, 
HRR, or SSA. 

 Homologous recombination repair uses a per- •
fect homologous sequence to restore exactly 
the DNA sequence disrupted by the DSB. This 
homology is usually provided postreplication 
by the sister chromatid. 

 Repair of DSBs will benefit from a regulatory  •
linkage with the cell cycle engine suppressing 
DNA replication and cell division when DSBs 
are detected. 

 Epidermal growth factor receptor up-regu- •
lation is suggested to stimulate the respective 
DNA repair pathways leading thus to radiore-
sistance.
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actually reach considerable numbers, particularly after 
exposure to high linear-energy-transfer (LET) radia-
tion, highly complex lesions can be envisioned, com-
prising SSBs, as well as non-strand-disrupting sugar 
and base damages. As a result, sections of DNA many 
base pairs long can be shuttered, ultimately leading, di-
rectly or indirectly, to the formation of a DSB. Under 
these conditions, the extensive form of damage present 
in both DNA strands jeopardizes complementarity-
based repair. Lesions of further complexity can be en-
visioned when considering the organization of DNA in 
chromatin loops. Blobs localized at the loop attachment 
site can induce several DSBs simultaneously, which to-
gether may destabilize the intervening chromatin and 
may cause the loss of entire DNA segments. It is evident 
from this outline that the term DSB is broad, compris-
ing a spectrum of lesions, from simple breaks that could 
be repaired by replacing a couple of damaged terminal 
nucleotides to extensive accumulations of damage that 
will require the replacement of substantial portions of 
the DNA molecule. Repair systems operating on such 
lesions should therefore have such processing flexibility 
built in. 

Because metabolic activities taking place in the 
DNA during the cell cycle such as replication and mi-
tosis-associated chromatin condensation can interfere 
with DNA repair, DSB processing is directly coupled to 
cell cycle progression. Salient features of this coupling 
are delays in cell cycle progression observed in irradi-
ated cells, which have been studied extensively by ra-
diation biologists during the last 40 years. Although 
these delays were initially considered passive cellular 
responses, it is now a well-established fact that they rep-
resent active responses mediated by activation through 
DNA damage of signaling pathways, which slow down 
cell cycle progression by downregulating the cell cycle 
engine. The term checkpoints is now widely used to 
describe this active coupling of cell cycle progression 
with DNA damage and is thought essential for optimal 
repair. The molecular processes associated with check-
point activation are described in the following sections. 
Importantly, DNA damage is now known to affect every 
aspect of cellular metabolism and to include extensive 
modifications in transcriptional regulation, as well as 
life-or-death decisions. All these cellular responses are 
commonly integrated under the phrase biological re-
sponses to DNA damage.

The molecular description of DSB processing and 
checkpoint activation would have been a role of special-
ists, if it did not have direct relevance to cancer research 
and radiation therapy. Indeed, recent advances in the 
field clearly demonstrate the importance of these pro-
cesses in genomic stability and implicate their partial 

abrogation in the development of cancer. Furthermore, 
DSB repair and checkpoint response are major deter-
minants of cellular radiosensitivity to killing and there-
fore of direct relevance to radiation therapy. Evidence 
accumulates that participating proteins display activ-
ity differences among individuals, which may underlie 
well-known variations in individual radiosensitivity. 
Furthermore, tumor-associated modifications in the 
constitution of these proteins may alter the radiosensi-
tivity of tumor cells and may underlie the development 
of tumor radioresistance. In addition, molecular under-
standing of the pathways involved is expected to un-
cover molecular targets for the development of specific 
inhibitors, with the aim of improving treatment with IR 
of human tumors. 

14.2  
DSB Repair

The above outline considers intrinsic properties of IR 
and points to DSBs and other complex lesions ulti-
mately disrupting DNA continuity as major candidates 
for the observed effects resulting from complications 
and problems in their processing. However, it is impor-
tant to stress that the evolutionary pressure for the de-
velopment of mechanisms dealing with DSBs may not 
originate from IR but from the fact that DSBs also are 
either the unwanted side effect of certain DNA meta-
bolic activities or the required initiators of important 
DNA-modifying cellular activities. As a result, selective 
pressure must have existed for organisms to evolve sys-
tems for processing DSBs. Programmed DSBs at pre-
determined genomic locations are integral to meiosis, 
and are induced during VDJ and class switch recom-
bination required for the development of the adaptive 
immune system in higher eukaryotes. On the other 
hand, DSBs can be induced at random genomic loca-
tions when replication forks collapse on encountering 
SSBs or base damages. Mechanisms to repair DSBs will 
therefore benefit cells not only in their response to IR, 
but also in their ability to perform essential biological 
functions and to protect themselves from replication 
errors. 

The nature of DSBs directly implies that processing 
mechanisms need to solve the problem of DNA desta-
bilization caused by the disruption in the continuity of 
the molecule, the problem of sequence restoration near 
the DSB, and possibly also the problem generated by the 
presence of other forms of DNA damage near the break. 
The information summarized in the following sections 
indicates that despite these extra requirements, cells are 
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successful in developing powerful mechanisms for DSB 
processing. However, despite success, the probability for 
error-prone processing for DSBs remains considerably 
higher than for any other IR-induced DNA lesion. As 
a result, unrepaired or misrepaired DSBs are the main 
cause of cell lethality and mutation induction after ex-
posure to IR.

14.2.1  
Methods to Assay for DSBs

Before proceeding to the molecular descriptions of DSB 
repair and checkpoint activation, methodologies com-
monly employed to assay DSBs are briefly outlined. 
These methods can be separated between those that are 
based on changes in the physical characteristics of the 
DNA and those that are based on biochemical modifi-
cations associated with DSB repair.

14.2.1.1  
Physical Methods of DSB Detection

Physical methods of DSB detection are based on 
changes in the size-sensitive properties of the DNA 
molecule. Although these methods allow very straight-
forward and precise DNA size determinations for rela-
tively small molecules (up to 100 kbp), they frequently 
fail when applied to DNA molecules the size of human 
chromosomes (average of 150 Mbp). 

Neutral sucrose-gradient centrifugation is the 
method of choice for DSB determination in bacteria 
and yeast, due to its quantitative nature and the well-
understood theoretical background. In this method, 
cells are lysed to free up DNA, which is then allowed to 
sediment under the influence of high-speed centrifuga-
tion in a neutral sucrose gradient. Small molecules will 
sediment slower than will large molecules, which allows 
evaluation of fragmentation by IR. Despite its theoreti-

Fig. 14.1a–c. Detection of radiation-induced DSBs by a 
pulsed-field gel electrophoresis, b neutral comet assay, or c 
γ-H2AX foci formation. Measurements were performed either 
immediately (a, b) or 60 min after (c) irradiation on ice. (Fig. 
14.1a was kindly provided by Dr. Minli Wang, Institute of Med-

ical Radiobiology, Essen, Germany; Fig. 14.1b by Dr. Holger 
Klammer, Institute of Medical Radiobiology, Essen, Germany; 
and Fig. 14.1c by Drs. Andrea Kinner and Christian Staudt, 
Institute of Medical Radiobiology, Essen, Germany)
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cal advantages, neutral sucrose-gradient centrifugation 
is tedious, and for human DNA, it requires special care 
to avoid sedimentation artifacts.

Gel electrophoresis performed at constant field 
strength is extensively used to size DNA molecules 
but fails to separate them at sizes above 30 kbp, due to 
reptation problems. This limitation can be overcome 
by periodic changes in strength and orientation of the 
electric field, to allow DNA relaxation between pulses. 
An array of pulsed-field gel electrophoresis (PFGE) 
methods have been derived from this concept and used 
to measure induction and repair of DSBs. Although siz-
ing is not always quantitative when using these meth-
ods, they are widely used in the field and have helped to 
generate a substantial amount of valuable data. Typical 
gel obtained with cells exposed to IR and analyzed im-
mediately after irradiation is shown in Fig. 14.1a. PFGE 
methods require relatively large radiation doses for a re-
liable determination of the DSB load.

It has been demonstrated that useful data can also 
be obtained when gel electrophoresis of irradiated 
DNA in higher eukaryotes is performed in a constant 
field (constant-field gel electrophoresis [CFGE]), and 
the fraction of DNA released is taken as a measure of 
the DSB load (Dahm-Daphi and Dikomey 1995). Al-
though DNA sizing is under these conditions not pos-
sible, the method is useful, particularly due to its low 
demands in specialized equipment. 

Single-cell gel electrophoresis can be regarded as a 
special variation of CFGE and allows determination of 
DNA DSB in individual cells. This offers certain distinct 
advantages including low requirements for biologi-
cal material and direct possibilities for analyses of re-
pair throughout the cell cycle. This assay, which is also 
known as the “comet” assay is illustrated in Fig. 14.1b.

The above-described techniques only measure DNA 
size and ascribe reductions to the induction of DSBs. 
Conversely, repair is assayed by evaluating increases in 
DNA size as a function of time after exposure to IR. As 
outlined above, after exposure of cells to IR, a spectrum 
of DNA-disrupting lesions with potentially different re-
pair requirements is induced, all of which are seen by all 
these assays as DSBs. This is an important limitation of 
these assays that should be kept in mind. Furthermore, 
“repair” in these assays will imply restoration of mo-
lecular size but will not imply in any way that the DNA 
molecule was restored to its original state. Additions 
or deletions of a few or of thousands of bases around 
the DSB will not be detected, and in a similar fashion, 
misrejoining events will also remain undetected. This is 
also important to keep in mind, particularly since, as 
we will see later, mammalian cells employ quite differ-

ent systems to repair DSBs, which have very different 
abilities in restoring the DNA molecule. 

14.2.1.2  
Biochemical Approaches: 
γ-H2AX Foci Detection

Each DSB will activate signaling pathways that modify 
a large array of cellular responses to optimize repair and 
life-or-death decisions. Critical for these responses are 
kinases of the phosphatidylinositol 3–like kinase fam-
ily, mainly DNA-PK, ATM, and ATR. Ten years ago it 
was demonstrated that activation of these kinases in the 
vicinity (about 10 Mbp) of the DSB leads to phospho-
rylation of the histone variant H2AX at serine 139, to 
generate γ-H2AX, which can be visualized as a focus, 
using specific antibodies and fluorescence microscopy 
(Jeggo and Lobrich 2005; Lobrich and Jeggo 2007). 
γ-H2AX foci formation has been shown a reliable surro-
gate for DSBs and is used extensively to measure induc-
tion and repair of DSBs. Typical results obtained with 
this method are shown in Fig. 14.1c. This technique 
is extremely sensitive and can be used to detect DSB 
even after X-ray doses as low as few milligrays (Jeggo 
and Lobrich 2005; Lobrich and Jeggo 2007). Since 
γ-H2AX foci formation requires the above-mentioned 
kinases and is orchestrated by a complex biochemi-
cal pathway involving a large array of proteins, not all 
of which contribute to DSB repair, care must be taken 
when interpreting the results (Kinner et al. 2008).

14.2.2  
Induction and Repair Kinetics of DnA DSBs

In mammalian cells, DSBs are induced linearly with 
dose (Fig. 14.1). For X-rays, on average 20–30 DSBs are 
induced per Gray and per normal mammalian cell with 
a diploid genome (Dahm-Daphi and Dikomey 1995; 
Rothkamm and Lobrich 2003). While there is no 
pronounced variation in the induction of DSBs for nor-
mal cells, neither between different tissues nor between 
different individuals (Dikomey et al. 1998, 2000; Rübe 
et al. 2008; Wurm et al. 1994), significant differences 
were found for tumor cells, even after normalizing to 
the respective DNA content (see Fig. 14.2a) (El-Awady 
et al. 2003; McMillan et al. 1990; Ruiz de Almodo-
var et al. 1994). This variation in DSB induction, which 
might result from changes in chromatin structure fre-
quently occurring in tumor cells, was often reported 
correlated with the respective differences in cellular 
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radiosensitivity (see Fig. 14.2b) (El-Awady et al. 2003; 
McMillan et al. 1990; Ruiz de Almodovar et al. 
1994). Likely this variation in DSB induction is one of 
the main reasons for the large differences of the cellular 
radiosensitivity observed for many tumor entities.

The repair kinetics of X-ray-induced DSBs as mea-
sured by PFGE or CFGE are described by a biphasic 

curve eventually reaching a plateau (as illustrated in 
Fig. 14.2c) for a human fibroblast strain exposed to a 
X-ray dose of 40 Gy (Kasten-Pisula et al. 2005). 
Generally, there is a fast exponential component with 
a half-time ranging between 5 and 30 min, and a slow 
component with a half-time ranging between 2 and 
5 h (Dahm-Daphi and Dikomey 1996). For most cell 
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lines, the fast component includes about 30%, and the 
slow component about 60%, of all DSBs induced. The 
plateau reflects the number of nonrejoined DSBs but 
may also include misjoining events. An almost identical 
curve is obtained when DSBs are assessed by γ-H2AX 
foci, scoring after a much lower X-ray dose of only 
2 Gy (see Fig. 14.2c, open symbols) (Rothkamm and 
Lobrich 2003). However, since these foci are formed 
with time after irradiation, their number first increases 
with increasing time after irradiation, generally reach-
ing a maximum at about 30 min, which is followed by a 
decline similar to that seen when DSBs are measured by 
CFGE. Due to these differences in the kinetics, the fast 
DSB repair component is generally not detected when 
using the γ-H2AX technique (Stiff et al. 2004).

The kinetics of DSB repair depend on the type of ra-
diation used, with an increase in both the slow compo-
nent of rejoining as well as in the final plateau reached 
with increasing LET (Esposito et al. 2005; Taucher-
Scholz et al. 1996). Since there is an increase by a fac-
tor of about 3 in the total number of DSBs remaining 
for radiations of LET between 50 and 100 KeV/µ, it is 
thought that the increase in unrepaired DSBs can ex-
plain the respective rise in cellular radiosensitivity to 
killing (Esposito et al. 2005, 2006; Taucher-Scholz 
et al. 1996). 

DSB repair also depends not only on several pa-
rameters such as cell cycle position, proliferation, cell 
matrix proximity, etc., but also (especially) on oxygen 
concentration. Reduction in oxygen results in a reduced 
formation of DSBs (which is nevertheless only seen af-
ter low- and not high-LET radiation), but also reduces 
the overall repair capacity (Frankenberg-Schwager 
et al. 1991; Hirayama et al. 2005; Prise et al. 1987; 
Whitaker and McMillan 1992). Consequently, hy-
poxic cells are much more radioresistant but show less 
recovery.

The interindividual variation of the DSB repair ki-
netics, as measured for normal human fibroblasts, is 
very small, with little change in the final plateau, indi-
cating that these cells differ only in the total DSB repair 
capacity (Dikomey et al. 2000). This capacity was found 
to vary only between 95 and 99%, but to have a strong 
correlation with the respective cellular radiosensitivity 
(see Fig. 14.2d) (Kasten-Pisula et al. 2005). This ob-
servation illustrates that for normal cells – in contrast 
to tumor cells – variation in cellular radiosensitivity ap-
pears to result primarily from differences in DSB repair 
capacity.

Overall, the DSB repair kinetics measured for hu-
man tumor cells are similar to those observed for nor-
mal human fibroblasts, but with slightly greater varia-
tion in both the slow component of rejoining as well as 

in the final plateau (El-Awady et al. 2003). However, 
it should be noted that these kinetics are also affected 
by many other parameters, as outlined above, so that a 
clear-cut comparison with normal cells is not possible. 
In addition, these kinetics might be affected by the oc-
currence of apoptotic cells, often observed in tumor 
cells.

For some cell lines, a clear deviation from these ki-
netics is observed, with either an increase in the slow 
component or in the respective half-time, and/or a 
higher final plateau. These deviations can be taken as 
an indication of either a defect in one of the DSB re-
pair pathways involved or in the regulation of these 
pathways. This is outlined in more detail in Sect. 14.2.3, 
which also includes some prominent examples.

14.2.3  
Pathways of DSB Repair

14.2.3.1  
nonhomologous Endjoining

The observation made about 15 years ago that mamma-
lian cells do not prefer homologous recombination for 
the repair of DSB but instead use a simple system based 
on clearance of DNA ends and ligation was a consider-
able surprise in the field. This repair system does not 
require a homologous sequence. It can operate on any 
type of DNA end and was hence named nonhomolo-
gous endjoining (NHEJ). Specific proteins assemble 
at the DNA, hold broken ends in close proximity, and 
prepare them at the same time for ligation. This end 
processing is particularly important after IR exposure, 
since only a small minority of radiation-induced lesions 
is directly ligatable. The broken DNA termini generated 
after IR typically carry 3'phosphates and phosphoglyco-
lates, which cannot be processed by ligases and, thus, 
need to be removed. The subsequent ligation restores 
the continuity of the DNA molecule but not the exact 
DNA sequence around the DSB. NHEJ is hence consid-
ered in most cases error prone. This pathway operates 
with very fast kinetics and has been shown to require a 
set of “core” proteins performing well-described func-
tions that are summarized in Fig. 14.3a.

Within seconds after induction, the DSB is bound 
by a heterodimer of Ku70 and Ku80, which keeps the 
ends in proximity and immediately recruits a third 
large protein, the catalytic subunit (DNA-PKcs), into 
a holocomplex called DNA-dependent protein kinase 
(DNA-PK). DNA-PK executes several key functions 
and orchestrates the entire process, which is, hence, also 
called DNA-PK–dependent nonhomologous endjoin-
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ing (D-NHEJ). In addition to providing an important 
shelter for the vulnerable free termini, the DNA-PK 
complex phosphorylates a number of downstream tar-
gets including itself (autophosphorylation). DNA-PK 
also binds to and regulates the activity of Artemis, an 
endo-/exonuclease involved in the tailoring of “dirty” 
ends for ligation. The Ku components of the DNA-PK 
complex are required for recruitment of the ligation 
complex, and DNA-PKcs modulates its activity. The 
complex of DNA–ligase IV and its cofactors XRCC4 and 
XLF build the second functional bridge, stabilizing the 
chromatin structure until both ends have been defini-
tively rejoined. This bridge provides support for groups 
of enzymes involved in NHEJ. DNA polymerases of the 
Pol X family (Pol µ, Pol λ), and polynucleotide kinase 
(PNK) or terminal deoxynucleotidyl transferase (TdT) 
can modify ends and/or replenish small sequence gaps 
by fill-in synthesis.

The kinase function of DNA-PK not only modulates 
components of the NHEJ, but appears to also timely 
coordinate this pathway with cell cycle progression and 
with other repair pathways (see below).

Most of the core D-NHEJ proteins are essential for 
this pathway, as they have unique functions and cannot 
be replaced by other enzymes. Lack of core proteins ren-
ders cells remarkably repair deficient and highly sensi-
tive to IR and other DSB-inducing agents (Dikomey 
et al. 1998; Lieber et al. 2003; Riballo et al. 2004). 
Knockout mice have, in addition a deficient immune 
response because D-NHEJ also executes VDJ and class 
switch recombination, essential processes for the gen-
eration of an antibody and T-cell receptor arsenal. In 
addition, these mice have growth defects, neurological 
abnormalities, and experience premature aging. Ligase 
IV and XRCC4 deficiency even confers embryonic le-
thality. Ku-, DNA-PKcs- and Artemis-deficient mice are 
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viable but severely radiosensitive and immune compro-
mised. Interestingly, very few examples of human NHEJ 
defects exist, presumably underscoring the essential 
nature of this pathway. The rare Artemis syndrome is 
a prominent exception, with severe immunodefects, ra-
diosensitivity, and a short life span. It has been identi-
fied as a recent founder mutation in Native American 
tribes.

14.2.3.2  
Backup Pathways of nHEJ 

For many years, scientists appreciated that a consid-
erable amount of DSBs could be repaired even in the 
complete absence of core D-NHEJ proteins such as 
Ku, DNA-PK, XRCC4, or ligase IV. In addition, the 
frequency of chromosomal aberrations was signifi-
cantly enhanced, including not only frank chromosome 
breaks, but also translocations. In particular, the latter 
was enigmatic. It was thought that without the DNA-PK 
or DNA ligation complexes, DSB ends could not be held 
in close proximity. Thus, free DNA ends might diffuse 
and come into contact with distal chromosomal breaks. 
But how could they be rejoined without the specific 
tools described above? Molecular analysis of break sites 
in mice and humans revealed in most cases no extended 
homology, excluding the involvement of homologous 
recombination repair in this process. 

Two parallel lines of discoveries during the last 
few years have shed light on this repair phenotype. It 
was observed that indeed DSB ends could be rejoined 
by an alternative repair pathway, which operates in-
dependently of a functional DNA-PK complex. To be 
active, this pathway requires the absence of the classic 
core components and can hence be considered a backup 
pathway (therefore named B-NHEJ). Although impor-
tant details regarding the function of this pathway are 
lacking, current evidence suggests that it uses the DNA 
ligase III–PARP-1–XRCC1 module, normally involved 
in the repair of SSBs and base damage (Audebert et 
al. 2004; Windhofer et al. 2007). This pathway is more 
error prone, leads to longer deletions, and typically 
makes use of longer microhomologies to generate suf-
ficient stability for annealing and rejoining of the ends 
(Schulte-Uentrop et al. 2008). It was further shown 
that the use of this alternative endjoining is associated 
with frequent chromosomal translocations, possibly 
representing a significant source for oncogenic muta-
tions (Nussen zweig and Nussenzweig 2007). Nota-
bly, this alternative pathway is intimately involved in 
class switch and under certain conditions in VDJ re-
combination in cases when D-NHEJ is compromised 

(Corneo et al. 2007; Yan et al. 2007). Together, cur-
rent data suggest that B-NHEJ functions predominantly 
when factors such as Ku-DNA-PKcs or LigIV-XRCC4, 
which keep DNA ends in close proximity and protect 
them from degradation, are lacking. Indeed, how stable 
DNA ends remain may be decisive for the usage of clas-
sic D-NHEJ or one of the alternative repair pathways 
including B-NHEJ and homologous recombination (for 
more details about the regulation of repair pathways, 
see Sect. 14.2.3.5).

14.2.3.3  
Homologous Recombination Repair

In mammalian cells, the second important DSB repair 
pathway is known as homologous recombination repair 
(HRR). It was described about 40 years ago and is best 
characterized for prokaryotes and yeast cells, in which 
it plays a dominant role. If one defines repair the res-
toration of the DNA molecule in its original state, then 
only the HRR pathway will deserve this characteriza-
tion. HRR uses a perfect homologous sequence to re-
store exactly the DNA sequence disrupted by the DSB. 
This homology is usually provided postreplication by 
the sister chromatid. Between the S phase and mitosis, 
both sisters lay in close proximity and are kept together 
by numerous protein bridges known as cohesins. This 
connection enables efficient search for homology and 
strand exchange. Accordingly, these structural pro-
teins are also termed the structural maintenance of 
chromosomes (SMC) family and play a critical role in 
HRR (Lehmann 2005). Interestingly, another well-es-
tablished HRR protein, Rad50 (see below), shares ex-
tensive homologies with the SMC group and likely has 
the identical function to physically hold recombination 
partners together (Hopfner et al. 2002). 

Other homologous sequences present in a cell are 
much less convenient recombination partners than 
the sister chromatid is. The diploid mammalian ge-
nome includes a second allele with extended sequence 
homology. Both homologous chromosomes, how-
ever, frequently occupy remote loci in the cell nucleus, 
making synapsis and information exchange unlikely. 
Pseudogenes and repetitive elements are widespread in 
the mammalian genome, but usually do not share suffi-
ciently long homologies as required for conservative re-
combination. Together, these constraints underscore the 
preferred use of the sister chromatid and likely restrict 
HRR to the postreplicative S–G2 phase. Further support 
to this notion comes from the cyclic expression of key 
HRR proteins, such as Rad51, Rad52, Rad54, BRCA1, 
BRCA2, and CtIP, all of which peak during the S–G2 
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phase (Chen et al. 2008; Essers et al. 2002; Narod and 
Foulkes 2004). The low level of these proteins in G1 
might indirectly help to suppress HRR in a phase of the 
cell cycle wherein strand exchange with inappropriate 
partners may cause fatal chromosomal aberrations, gene 
amplification, or loss of heterozygosity (LOH).

The current knowledge on the mechanism of ho-
mologous recombination is summarized in Fig. 14.3b. 
The ultimate purpose of all participating steps is for the 
damaged strand to copy the sequence from the undam-
aged strand. It is believed that the initiating step of HRR 
is the resection of the 5'strands at the DSB, leaving long 
3' single-stranded overhangs that are able to invade the 
undamaged homologous double DNA strand and to 
serve as primer for subsequent repair synthesis. The 
resection step requires as a minimum the presence of 
MRN (a complex comprising Mre11, Rad50 and nibrin, 
the protein defective in Nijmegen breakage syndrome 
[NBS]) and CtIP. It is, however, not clear whether the 
nuclease function of Mre11 is directly involved. The 
long, single DNA strands generated by this function 
are immediately covered and stabilized by replication 
protein A (RPA). RPA is subsequently replaced by poly-
mers of Rad51, which are wrapped around the single 
strands, thus forming a so-called nucleoprotein fila-
ment. Rad51 loading is governed by BRCA2, the tumor 
suppressor of breast and ovarian malignancies. Rad51 
is the principal recombinase catalyzing the key steps of 
HRR, the homology search, strand invasion to generate 
the so-called D-loop, and finally, strand exchange. The 
branched, triplex DNA structure formed during this ex-
change is named the Holiday junction. A double Hol-
liday junction consists of both free DSB ends invading 
the intact duplex in opposite directions. The copying 
process, driven by polymerase η, moves the branched 
structure along the DNA strands (branch migration). 
This translocation is promoted by Rad54 and presum-
ably supported by a complex of the Rad51 homologues 
XRCC3 and Rad51C. On ATP cleavage, Rad51 dissoci-
ates from the DNA to allow completion of the recombi-
nation process. After a sufficient number of bases have 
been copied (gene conversion usually replicates 30–100 
bp), the Holliday junction has to be resolved, and the 
strands need to separate and reanneal to close the DSB. 
Apparently, the XRCC3–Rad51C complex is engaged 
in this resolution, perhaps together or alternatively to 
helicases of the RecQ family (BLM, WRN, RecQ) and 
topoisomerase III. Depending on how the heteroduplex 
is cleaved and religated, gene conversion yields non-
crossover or crossover recombinants (sister chromatid 
exchange).

The central process of HRR, the engagement of 
Rad51 recombinase with DNA damage, is also exten-

sively studied by visualization of repair foci. A fraction 
of nuclear γ-H2AX foci (see above) are also stained for 
Rad51, and it is believed that this reflects the assembly 
of hundreds of Rad51 molecules at those DSBs that 
are processed by HRR. The proper foci formation is 
not only dependent on the loading factor BRCA2, but 
also on the various Rad51 paralogues. The heterodimer 
XRCC3–Rad51C is already described; less well under-
stood is the second complex composed of Rad51B,C,D 
and XRCC2. This BCDX2 complex preferably binds 
Y-shaped DNA structures resembling those at stalled 
replication forks, which also require HRR for resump-
tion of DNA synthesis, although they do not necessarily 
involve a frank DSB. From these and other more recent 
observations in the bacterium Caenorhabditis elegans 
(Ward et al. 2007), it is speculated that the Rad51 par-
alogues are tools that discriminate between the various 
DNA lesions and guide the appropriate assembly of 
Rad51.

During the last decade, it became evident that the 
classic double Holliday junction is not the only valid 
HRR model. For repairing the break, it is sufficient that 
repair synthesis extends only one DNA end beyond the 
DSB. This single new strand can then separate from 
the intact double helix, flip back to its original partner 
strand, and anneal. Fill-in synthesis would replenish 
the remaining gap. This synthesis-dependent strand an-
nealing (SDSA) may be employed even more frequently 
than the classic gene conversion model. This is partic-
ularly true during the S phase, when numerous DSBs 
are formed through SSBs colliding with the replication 
fork (Fig. 14.3d). The collision leaves a single double-
stranded end (also termed one-ended DSB), which has 
no second end as a natural partner to connect to and 
carry out NHEJ. Figure 14.3d shows a gap located on 
the “leading” strand of DNA replication. This structure 
is unstable and leads to a collapse of the replication fork. 
HRR-guided invasion of the interrupted 3' end into the 
second newly replicated double helix would prevent the 
local dissociation of the replication machinery. Limited 
DNA synthesis across the gap, resolution of the triple 
helix, and reannealing to the damaged strand would al-
low resumption of replication. The remaining SSB could 
be subsequently closed by an excision-type of repair. 
The model depicted is the simplest one; others (“tem-
plate switch,” “replication fork reversal,” “replication 
fork regression”) have been suggested, mainly based 
on data from Escherichia coli. However, it is not known 
which one best applies for higher eukaryotes.

All proteins involved in HRR are confirmed impor-
tant for the survival of cells after IR, particularly in the 
S–G2 phase. Indeed, cells with defects in proteins in-
volved, if at all viable, are known to be more or less radi-
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osensitive. It was therefore a great surprise to see no real 
defect in DSB rejoining as measured by PFGE (Wang 
et al. 2001; Rothkamm et al. 2003). In contrast to those 
methods of physical DSB detection of DSBs, γ-H2AX 
foci scoring revealed a small, cell cycle–specific repair 
defect at low radiation doses (Rothkamm and Lobrich 
2003). The reasons for those differences are not under-
stood at present. The results clearly demonstrate, how-
ever, that in mammals, HRR is not a repair option for 
the entirety of IR-induced DSBs – in contrast to yeast 
and bacteria – but to be specific for a subset of DSBs. It 
is important to elucidate whether some of the chemical 
characteristics of DSBs play a defining role in the selec-
tion of this repair pathway. Alternatively, the possibility 
should be considered that location in chromatin and the 
levels of condensation of the surrounding chromatin 
play a defining role in the recruitment of HRR for the 
repair of DSBs. Further genetic factors that direct the 
pathway choice are discussed in Sect. 14.2.3.5.

14.2.3.4  
Single-Strand Annealing

Single-strand annealing (SSA), which is seen as another 
variant of HRR, was originally characterized in yeast, but 
evidence has accumulated that it may also be a relevant 
repair pathway in higher eukaryotes. This pathway can 
be active when a DSB is located between two identical 
repeat sequences whose homology is utilized in repair. 
SSA is therefore considered a form of HRR. It shares 
the initial steps of the above-described HRR pathway, 
which requires the generation of free 3' single-stranded 
ends (Fig. 14.3c). The homologous sequences are iden-
tified on both ends by a yet-unknown mechanism and 
subsequently, the complementary single strands anneal. 
These steps are governed by the heptamer-ring formed 
by the Rad52 protein. Nonmatching ends are removed 
by the ERCC1-XPF endonuclease. In contrast to other 
variants of HRR, SSA is obligatorily mutagenic. One of 
the repeat copies and the intervening sequence are al-
ways lost. In mammalian cells sequence repeats, such as 
long interspersed nucleotide element (LINE) and short 
interspersed nucleotide element (SINE) sequences, 
are particularly abundant in heterochromatic regions, 
where the loss of sequence may be of no consequence. 
On the other hand, it was recently shown that SSA-like 
recombination could also involve distant loci on dif-
ferent chromosomes, resulting in oncogenic transloca-
tions (Elliott et al. 2005; Weinstock et al. 2006). To 
what degree SSA contributes to overall repair of DSBs 
remains to be determined. Importantly, in mammalian 
cells, loss of Rad52 does not result in a radiosensitive 

phenotype, either because critical steps of the SSA path-
way are redundantly controlled by other proteins, or be-
cause other forms of HRR such as gene conversion with 
crossover substitute when SSA is not functional.

14.2.3.5  
Regulation of DSB Repair

Four levels of regulation of DSB repair are described 
here, which are considered examples for a complex net-
work that is only now beginning to be elucidated: 
1. Regulation at the level of executer proteins
2. Regulation via upstream signaling, protein recruit-

ment, and protein activation
3. Regulation via modification of the DNA end struc-

ture
4. Regulation via modification of a single repair pro-

tein, DNA-PK

Another increasingly important parameter, the struc-
tural modulation of chromatin to accommodate DNA 
repair, is not considered further here. 

14.2.3.5.1  
Regulation at the Level of Executer Proteins

The principal goal of DSB repair is to reestablish the 
chromosomal continuity and thus to prevent loss of 
genetic information. To this end, DNA ends must be 
held together and reconnected by simple means. This is 
best achieved by the classic NHEJ system. It was indeed 
shown that endjoining components like Ku or XRCC4 
exert a dominant role in this repair pathway in the sense 
that their presence prevents the utilization of other path-
ways such as B-NHEJ, HRR, or SSA (Mansour et al. 
2008; Stark et al. 2004). In particular, the abundant nu-
clear protein Ku with its high affinity for DNA ends can 
regulate the choice of pathways by outcompeting other 
proteins (i.e., PARP1 or Rad52), which would otherwise 
shuttle repair into alternative directions (Ristic et al. 
2003; Windhofer et al. 2007). The second aim of DSB 
repair, to accurately maintain the genetic code, would be 
best served by conservative HRR in the S–G2 phase, us-
ing the sister chromatid as template. Homology search 
beyond this spatiotemporal framework would be associ-
ated with illegitimate recombination events (transloca-
tions) or with failure of the repair process all together. 
To avoid this from happening, cells have developed ad-
ditional mechanisms to tightly control the utilization of 
the different repair pathways and thus to minimize dele-
terious consequences associated with inappropriate use.
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14.2.3.5.2  
Regulation via Upstream Signaling, Protein 
Recruitment, and Protein Activation

The cellular response to DSBs is initiated by a not-
fully-elucidated damage recognition process, leading 
to the binding of MRN, which in turn is required for 
activation and recruitment of ATM (Paull and Lee 
2005), the major regulator of DDR with respect to re-
pair and checkpoint response. The role of ATM in the 
phosphorylation of H2AX has been described above. 
This chromatin modification near a DSB provides the 
stage for the recruitment of two further mediator pro-
teins, MDC1 and 53BP1. MDC1 appears to preferably 
support HRR, while 53BP1 exerts a control function in 
NHEJ and the related VDJ and class switch recombina-
tion (Difilippantonio et al. 2008; Ward et al. 2004; 
Xie et al. 2007). MDC1 is one of the numerous phos-
phorylation targets of ATM besides nibrin, DNA-PKcs, 
CHK2, SMC1, BRCA1, and CtIP. 

14.2.3.5.3  
Regulation via Modification of the DNA End 
Structure

MRN, BRCA1, and CtIP form an inactive complex 
that can be activated by phosphorylation by both ATM 
and CDK1. Thus, BRCA1 is derepressed as it dissoci-
ates from the complex and functions as regulator of cell 
cycle checkpoints and repair fidelity. MRN, together 
with CtIP, initiates the resection of 5' ends to generate 
3' single-stranded overhangs, presumably via Mre11 
nuclease activity (Fig. 14.3b). As a result, this end modi-
fication critically determines repair pathway choice. As 
long as the DNA ends remain stable, repair proceeds 
by NHEJ. However, as soon as ATM–mediated resec-
tion starts, repair is shuttled toward HRR, or less likely 
SSA (Huertas et al. 2008; Sartori et al. 2007). Recent 
results also suggest that CtIP–MRN-mediated resection 
might also promote alternative endjoining, which is 
also accompanied by extensive end degradation (Ben-
nardo et al. 2008).

14.2.3.5.4  
Regulation via Modification of a Single Repair 
Protein, DNA-PK

During DSB processing, DNA-PKcs becomes phospho-
rylated at distinct clusters of amino acid residues, either 
by itself or by ATM. Depending on which cluster is 
phosphorylated, DNA-PK becomes activated or inhib-

ited. Inhibition of DNA-PK not only reduces D-NHEJ, 
but also actively guides repair toward HRR (Shrivas-
tav et al. 2008). A second, more passive possibility to 
shuttle repair into a recombination path arises when 
DNA-PK dissociates from the DNA ends. This disso-
ciation, a result of autophosphorylation (Fig. 14.3a), is 
an integral part NHEJ to allow further steps in the end-
joining process. However, it might also open the door 
for HRR proteins to bind to the damage site and thus 
terminate NHEJ.

In conclusion, repair of DSBs in mammalian cells 
is dominated by the efficient repair pathway of NHEJ. 
Homology-dependent pathways such as HRR, and to 
lesser degree SSA, can also be employed, but they ap-
pear restricted to the S–G2 phase of the cell cycle. Path-
way utilization is tightly regulated at various levels to 
minimize the deleterious consequences of erroneous 
repair. It is of eminent importance to elucidate whether 
the genetic control of repair is relaxed in tumor cells, 
as this may explain their increased genomic instabil-
ity. Enhanced utilization of “backup” pathways, on the 
other hand, may increase survival chances when path-
ways used as first line of defense fail, which may en-
hance the genomic instability of the tumor and thus its 
radioresistance. For additional reading, several reviews 
on DSB repair and its regulation are available (Helle-
day et al. 2007; Kinner et al. 2008; Lieber et al. 2003; 
Shrivastav et al. 2008; Wyman and Kanaar 2006).

14.3  
Radiation Induced Cell Cycle Checkpoints

The above description of DSB repair pathways assumes 
an idle, double-stranded DNA molecule that is ran-
domly broken by IR. In a multicellular organism, this 
condition may be approximated by the majority of cells 
that are not actively dividing, but are instead terminally 
differentiated and arrested in the G0 phase. However, 
the development of a multicellular organism from a 
fertilized egg requires a great number of cell divisions. 
Also, adult multicellular organisms require cell division 
for maintenance and self-renewal. It is therefore likely 
that DSBs will occur in the DNA of dividing cells that 
are in different stages of the cell cycle.

During the cell cycle, cells replicate their DNA and 
subsequently distribute it evenly in the daughter cells. 
The replication of DNA during the S phase, as well as 
its distribution to the daughter cells at mitosis, are com-
plex processes associated with radical changes in the 
organization of DNA in chromatin. One can therefore 
deduce that during such chromatin reorganization, re-
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Fig. 14.4a–c. Radiation-induced cell cycle delays in irradiated 
mammalian cells. a Delay in G1, as detected in the normal hu-
man fibroblast strain HHNF irradiated with 3.5 Gy. Confluent 
cells were stimulated into the cell cycle, and proliferating cells 
were identified by BrdU incorporation, which was followed 
by antibody staining and analysis by flow cytometry (kindly 
provided by Dr. Ingo Brammer, Laboratory of Radiobiology & 
Experimental Radiation Oncology, University Medical Center 

Hamburg-Eppendorf, Hamburg, Germany). b Inhibition of 
DNA replication after exposure to IR. Replication activity was 
measured via incorporation of radioactively labeled thymidine 
(data are from Painter 1986). c Delay in G2, as detected in the 
mutant p53 human squamous cell carcinoma strain FaDu after 
irradiation with 6 Gy. Exponentially growing cells were irradi-
ated with 6 Gy, and the cell cycle distribution was measured by 
flow cytometry 
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pair of DSBs is compromised. The following examples 
illustrate possible scenarios as to how this might hap-
pen. The unstopped progression of a replication fork to 
a DSB will not only cause the collapse of the replication 
fork, but it will also generate such a destabilizing condi-
tion in the DNA that may abrogate subsequent repair. 
Even an SSB, normally a harmless DNA lesion, can 
cause the collapse of an advancing replication fork and 
lead to the formation of a one-sided DSB (see above). 
During mitosis, the decondensed chromatin of the in-
terphase nucleus condenses to chromosomes, a process 
associated with extensive chromatin remodeling. The 
presence of DSBs in the genome during such remodel-
ing activity is likely to pull the ends of the DSB apart, 
thus interfering with or compromising subsequent re-
pair. 

From the potential complications outlined above, it 
becomes obvious that repair of DSBs will benefit from a 
regulatory linkage with the cell cycle engine, suppress-
ing DNA replication and cell division when DSBs are 
detected. Indeed, early studies on the effect of radiation 
on cell proliferation have uncovered delays that could 
be attributed to specific inhibition in the progression of 
cells from G1 into the S phase, and from the G2 into 
the M phase, as well as a less pronounced inhibition of 
DNA replication during the S phase. Typical experi-
ments demonstrating these cell cycle–specific delays in 
the progression of cells through the cell cycle are sum-
marized in Fig. 14.4.

Delay or arrest in the G1 phase (Fig. 14.4a) is espe-
cially known for normal human fibroblasts expressing 
wild-type p53 (Di Leonardo et al. 1994; Li et al. 1995; 
Nagasawa et al. 1995), but it also occurs in other cell 
types. In fibroblast cultures grown to confluence, most 
cells are in G1 (Fig. 14.4a, left panel). When these cells 
are stimulated into the cell cycle by reseeding at a lower 
density, proliferating cells can easily be separated via in-
corporation of BrdU. After 72 h, most cells are triggered 
into the cell cycle, and there are only few cells remain-
ing in G1 (Fig. 14.4a, middle panel). However, this frac-
tion clearly increases when prior to stimulation cells are 
irradiated with 3.5 Gy. This demonstrates a radiation-
induced delay in G1 (Fig. 14.4a, left panel).

Radiation also reduces the rate of DNA synthesis 
during the S phase (Fig. 14.4b). There is a dose-de-
pendent biphasic reduction, suggesting inhibition of at 
least two different steps in replication. It is now known 
that the radiosensitive component reflects inhibition of 
replicon cluster initiation, whereas the radioresistant 
component reflects inhibition of DNA chain elongation 
(Painter and Young 1980). This inhibition is reduced 
in cells from ataxia telangiectasia (AT) patients, sug-
gesting that it reflects an active cellular response to the 

radiation insult, rather than a passive consequence of 
DNA damage. 

Delay in the G2 phase (Fig. 14.4c) is generally ob-
served when exponentially growing cells are exposed to 
IR and is especially pronounced in cells with p53MUT, 
because these cells are not arrested in G1. This dose-de-
pendent accumulation in the G2 phase is observed few 
hours later, suggesting a delay in traversing this phase of 
the cell cycle.

While it was initially thought that DNA damage 
passively causes these delays, it is now well documented 
that the observed delays derive from active cellular re-
sponses, termed checkpoints, linking DNA repair with 
the cell cycle engine in an effort to optimize repair and 
to maximize genomic stability. The molecular charac-
terization of DNA damage checkpoints is a hot topic 
of modern biology, with direct connections not only to 
radiation biology, but also to the field of cancer. A brief 
summary on the current state of knowledge on this 
topic is given below.

14.3.1  
DnA Damage Checkpoints

The molecular machinery of the DNA damage check-
point must be capable of detecting damage in the DNA 
and of interphasing with the cell cycle machinery in a 
regulatory way. To achieve this, the participating pro-
teins must be able to sense DNA damage and to trans-
duce the information to the cell cycle engine. Therefore, 
proteins participating in the DNA damage checkpoint 
are grouped into sensors of the DNA damage signal (see 
Sect. 14.3.2.1), transducers of the signal and effectors 
that modify the cell cycle (see Sect. 14.3.2.2).

14.3.1.1  
DnA Damage Sensors

Damage in the DNA is associated with direct or indi-
rect alterations in its structure or its organization in 
chromatin. Sensors of damage must therefore be able to 
detect these changes. Indeed, sensors of DNA damage 
are known able to detect single- and double-stranded 
interruptions, the presence of single-stranded regions 
in the DNA, as well as changes in chromatin structure. 
Typically, sensors are proteins whose activity, often ki-
nase activity, is regulated by DNA damage or its conse-
quences. 

Sensor capacity is associated with DNA-PK, which 
through its double-stranded DNA end-binding com-
ponent Ku is activated by DSBs. Activation of this ki-
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nase leads to the phosphorylation of several substrates 
involved in the repair of DSBs by NHEJ (see Sect. 
14.2.2.1) and may also contribute through yet-incom-
pletely characterized mechanisms to the maintenance 
of checkpoints in the cell cycle (Guan et al. 2000). DSB 
sensing ability is also attributed to ATM kinase (Shiloh 
2006). Activation of this kinase is thought mediated 
either by the DSB directly, by the resulting changes in 
chromatin conformation, or through interactions with 
the MRN protein complex described in the HRR dis-
cussion above. The ATM kinase features prominently 
in DNA damage–induced checkpoints in every phase 
of the cell cycle. A related kinase, ATR, is activated by 
single-stranded DNA through its accessory protein 
ATRIP, which in turn recognizes the single-stranded 
DNA-binding protein RPA. Single-stranded DNA is 
transiently generated during the repair of several DNA 
lesions. During DSB repair, single-stranded DNA is 
generated in the DNA end-processing stages of HRR 
(see above). ATR, like ATM, is a key component of the 
DNA damage checkpoint mechanism. 

DSBs are lesions induced in relatively low numbers 
after exposure to IR. For every 1,000–2,000 SSBs and 
base damages induced per Gray, only 20–40 DSBs are 
generated. How is then possible for few lesions to ini-
tiate the global responses shown in Fig. 14.4? An im-
portant recognition in the field of checkpoints is that 
DSB sensing and processing is associated with a charac-
teristic local modification and/or specific relocalization 
of proteins to DSB sites, generating distinct subnuclear 
structures observable by immunofluorescence micros-
copy, which are commonly referred to as foci. When 
such foci are induced by IR, they are referred to as IR-
induced nuclear foci (IRIF) (Fernandez-Capetillo 
et al. 2003, 2004). The H2AX phosphorylation and 
γ-H2AX foci formation described above is one of the 
most widely studied such modifications. Many more 
have now been described. An accumulation of proteins 
near DSBs provides resources for repair and opportu-
nities for signal amplification, which may facilitate the 
mounting of global responses. 

The signal required for IRIF formation can be ini-
tiated by the direct or indirect activation by DSBs of 
ATM, ATR, or DNA-PK. One important phospho-
rylation target of these kinases is serine 139 of H2AX 
to generate γ-H2AX (see above). γ-H2AX has been 
shown to attract a number of chromatin-remodeling 
and checkpoint-associated proteins. The most specific 
of these interactions is probably that with MDC1. In-
deed, the BRCT repeats of MDC1 are considered the 
predominant recognition module of γ-H2AX (Lukas 
et al. 2004; Stewart et al. 2003; Stucki et al. 2005). 
The interaction between MDC1 and γ-H2AX sets the 

stage for further protein interactions around the DSB 
because there is evidence that MDC1 interacts directly 
with NBS1 (Goldberg et al. 2003), which in the form 
of the MRN complex is required for the activation of 
ATM (Falck et al. 2005; You et al. 2005) and is also 
involved in HRR (see above). The latter interaction, by 
bringing the MRN complex to the DSB and thus pro-
viding further ATM activation, generates a positive 
feedback loop that extends H2AX phosphorylation. 

In addition to MDC1, 53BP1 also has the ability to 
detect changes in chromatin on the induction of DSBs. 
This protein also forms foci in cells exposed to IR, with 
kinetics similar to those of γ-H2AX (Schultz et al. 
2000) and appears to detect DNA damage–induced 
changes in chromatin conformation. Recruitment of 
53BP1 to sites of DSBs depends on a region of the pro-
tein that contains two consecutive Tudor domains that 
can bind directly to methylated histone H3 (Huyen 
et al. 2004; Iwabuchi et al. 2003; Ward et al. 2003). 
Because this methylation is constitutive under physio-
logical conditions, only structural modifications are re-
quired to reveal it for a 53BP1 molecule to anchor to it. 

In addition to phosphorylation, ubiquitinylation 
(Bennett and Harper 2008) also contributes to dam-
age sensing and checkpoint signal generation. Thus, 
ATM-mediated phosphorylation of MDC1 leads to the 
recruitment of RNF8 E3 ubiquitin ligase to the sites of 
DSBs, which mediates the ubiquitination of H2A and 
H2AX (Huen et al. 2007; Mailand et al. 2007). This 
modification is thought to reinforce, through yet-un-
characterized mechanisms, the recruitment to chro-
matin of 53BP1, as well as the association of BRCA1-
BARD1 complex on IRIF. 

14.3.1.2  
Signal Transducers and Effectors

The above-described choreography that involves sen-
sors and mediator proteins sets the stage for a modu-
lation of the cell cycle progression. Thus, activation of 
ATM and ATR, together with the associated signal am-
plification described above, leads to activation through 
direct phosphorylation of the downstream checkpoint 
kinases CHK1 and CHK2. Once activated, these kinases 
directly interphase with the cell cycle through regula-
tion of the CDC25 family of phosphatases. 

The CDC25 family of phosphatases is required for 
the activation of cyclin-dependent kinases (CDKs), 
which catalyze the transition of cells from one phase of 
the cell cycle to the next. Thus, CDC25C removes in-
hibitory phosphate residues from CDK1 and initiates in 
this way the transition of a nonirradiated cell from the 
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G2 phase into mitosis. CDC25A has a similar effect on 
DNA replication associated processes. 

Depending on the cell cycle phase in which the cell 
is irradiated, CHK1 and/or CHK2 phosphorylate the 
Cdc25 member regulating the corresponding cell cycle 
activities. This phosphorylation targets the phosphatase 
for ubiquitinylation, translocation from the nucleus into 
the cytoplasm, and ultimate degradation. In the absence 
of active CDC25, the corresponding CDK remains inac-
tive, and the cell fails to carry out processes required for 
the normal progression through the cycle – it remains 
arrested or delayed in the cell cycle phase where it re-
ceived the radiation insult. This elegant mechanism im-
poses delays in the progression through all phases of the 
cell cycle except mitosis as soon as damage is detected 
by sensor proteins.

An additional component of the checkpoint ma-
chinery involves the actions of the p53 protein. This 
protein has received considerable attention by virtue of 
its tumor suppressor properties and its mutated status 
in over 50% of human tumors. In a nonirradiated cell, 
wild-type p53 is quickly degraded through direct inter-
action with MDM2, which targets the protein for ubiq-
uitinylation. As a result, the protein is unable to func-
tion, and the cell remains unaffected in its progression 
through the cell cycle. DNA damage and the associated 
activation of ATM and ATR stabilize p53 through direct 
phosphorylation, as well through phosphorylation and 
inactivation of its inhibitor MDM2. Accumulated p53 
initiates through its transcriptional activity the expres-
sion of the CDK inhibitor, p21, which suppresses the 
activation of CDK2 and thus the progression of cells 
through G1 and into the S phase. In this way, an ad-
ditional hurdle is generated in the progression of irradi-
ated cells from G1 into the S phase. 

A direct prediction of the mechanism described 
above is that the loss of p53 function seen in many tu-
mor cell lines will be associated with an attenuation of 
the IR-induced delay in G1. While such association is 
generally observed in nontransformed cells, it is erratic 
in tumor cells with the p53 status unable to predict the 
presence of a G1 checkpoint (Li et al. 1995; Little et al. 
1995). 

While the ATM–ATR-initiated activation of CHK1 
and CHK2 regulates the checkpoint in every phase 
of the cell cycle, the p53 response is firmly associated 
mainly with the IR-induced delay in G1. Is p53 then a 
protein acting specifically in the G1 phase of the cell 
cycle? There is evidence for a role of p53 in radiation-
induced delays in other phases of the cell cycle as well, 
but the evidence is less solid than it is the delay in the 
G1 phase (Powell et al. 1995). Thus, more work is re-
quired to evaluate the possible involvement of the p53 

component of the checkpoint response in other phases 
of the cell cycle. 

14.4  
Clinical Implications

In radiotherapy, information gained about the molecu-
lar and cellular aspects of DSB repair has stimulated a 
broad spectrum of research in several different direc-
tions. This information is utilized especially to establish 
prognostic and predictive assays for tumor response 
after radiotherapy and to define new, tumor-specific 
targets.

14.4.1  
Prediction and Prognosis

Predictive assays are required for the radiosensitivity of 
both normal and tumor tissue. For normal tissue, radi-
osensitivity is considered a critical factor for the risk of 
development of both acute and late effects after radio-
therapy (Borgmann et al. 2002, 2008; De Ruyck et al. 
2005; Hoeller et al. 2003; West et al. 2001). It was 
found that radiosensitivity is mostly determined by ge-
netic factors (Borgmann et al. 2007), and that is best 
assessed by measuring chromosome aberrations in hu-
man lymphocytes irradiated in vitro (Borgmann et al. 
2007). No clear correlation with side effects was seen 
when the individual radiosensitivity was determined 
by using human fibroblasts, irrespective of whether ra-
diosensitivity was assessed via repair proteins, residual 
DSBs, or chromosomal damage (Borgmann et al. 
2002; Dickson et al. 2002; El-Awady et al. 2005). The 
reason for this difference is unknown, but it is thought 
that the correlation between radiosensitivity in situ 
and radiosensitivity in vitro is not as good for fibro-
blasts, due to changes occurring during in vitro main-
tenance (Borgmann et al. 2008), possibly as a result 
of a change in their differentiation status (Herskind 
et al. 2000).

Overall variation of normal tissue radiosensitivity 
is best described by a Gaussian distribution with a co-
efficient of variation (CV) of 10–20% (Dikomey et al. 
2003b). The genetic factors leading to this variation re-
main unknown, but do not derive from gross changes in 
major DNA repair enzymes (Dikomey et al. 2003a). It 
is thought that this variation is the result of slight fluc-
tuations in the abundance or activity of many different 
proteins contributing to DDR mediated by single-nu-
cleotide polymorphisms (SNPs).
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After exposure to IR, tumor cells are mainly inactivated 
via lethal chromosome aberrations resulting from non- 
or misrejoined DSBs. Radiation-induced primary apop-
tosis and terminal differentiation are thought of minor 
importance (Borgmann et al. 2004; Gudkov and Ko-
marova 2003; Kasten-Pisula et al. 2008). Neverthe-
less, when comparing different tumor cell lines, there is 
only a weak correlation between cellular radiosensitivity 
and the number of either residual DSBs or lethal chro-
mosome aberrations scored. This is probably because 
these parameters are affected by primary or secondary 
apoptosis, changes in cell cycle (Akudugu et al. 2004; 
Eastham et al. 2001; El-Awady et al. 2003; Nunez 
et al. 1995; Olive et al. 1994), or DNA ploidy (Coco 
Martin et al. 1999). As a result, neither parameter is 
useful for the estimation of tumor cell radiosensitivity 
in the clinical routine. 

Recent data suggest that the level of DSB repair pro-
teins, as detected by immunohistochemistry, is a good 
candidate for a predictor of tumor radiosensitivity. 
Overall tumor cells appear to have a higher level of DSB 
repair proteins than has the normal surrounding tis-
sue, and this seems true for both NHEJ as well as HRR 
proteins. It was shown that the level of the heterodimer 
Ku70–Ku80 might be associated with tumor radiosen-
sitivity and with that, tumor outcome (Harima et al. 
2003; Komuro et al. 2002; Lee et al. 2005; Wilson et al. 
2000). Tumors with low Ku levels showed significantly 
less recurrences when compared with tumors with high 
Ku levels. No such clear association, however, was seen 
for DNA PKcs, ATM, or the MRN complex (Lee et al. 
2005; Soderlund et al. 2007).

Also, the levels of Rad51, the key protein of HRR 
(see above), appear of relevance for the prognosis of 
tumor response after radiotherapy. For this protein, 
expression was found enhanced, especially in grade 3 
tumors, and there is an association between this ex-
pression and tumor prognosis (Maacke et al. 2000a,b; 
Qiao et al. 2005). It was suggested that a high level of 
Rad51 might either lead to increased genomic instabil-
ity (Paffett et al. 2005; Richardson et al. 2004) and 
with that, to poor prognosis, or that it might enhance 
the survival potential of tumor cells by rendering them 
more resistant to treatment or to apoptosis (Maacke 
et al. 2000a).

14.4.2  
Tumor Targets

In radiotherapy, there is great need to identify new mo-
lecular targets that will allow the specific inactivation 
of tumor cells. In this context, certain receptors such 

as epidermal growth factor receptor (EGFR) are con-
sidered of great relevance (Baumann et al. 2007; Har-
rington et al. 2007; Magne et al. 2008). This receptor 
is involved in several important endpoints such as pro-
liferation and differentiation, angiogenesis, metastasis, 
and in the DNA damage response after both radio- as 
well as chemotherapy (Nyati et al. 2006; Rodemann 
et al. 2007; Song et al. 2005). In many tumors, this re-
ceptor is overexpressed and – most importantly – up-
regulated after irradiation (Contessa et al. 1999; Ditt-
mann et al. 2005; Valerie et al. 2007; Yacoub et al. 
2006). Activation of EGFR by both natural ligands and 
X-irradiation was also found to result in an increased 
expression of specific repair proteins such as ERCC2, 
XRCC1, as well as DNA PKcs (Dittmann et al. 2005; 
Yacoub et al. 2003). This upregulation is suggested to 
stimulate the respective DNA repair pathways, leading 
thus to radioresistance. Therefore, inhibition of EGFR 
either by antibodies or by specific tyrosine-kinase inhib-
itors was found to inhibit repair and to enhance cell kill-
ing (Toulany et al. 2006). Notably, the same treatment 
is without effect in normal cells, but it is also unlikely 
to achieve radiosensitization in all cells composing a 
tumor (Toulany et al. 2006). The reason for the latter 
variation in response is unknown, but may be the result 
of genetic differences among tumors or among cells in 
the same tumor. Thus, it could be shown that radiosen-
sitization by EGFR inhibition may be restricted to those 
tumor cells in which K-Ras is mutated, and therefore 
the EGFR pathway permanently upregulated (Toulany 
et al. 2005). More work is needed to conclusively char-
acterize the parameters determining the response of 
tumor cells to radiation and to develop strategies that 
optimally exploit their genetic background.

References

Akudugu JM, Theron T, Serafin AM et al (2004) Influence of 
DNA double-strand break rejoining on clonogenic sur-
vival and micronucleus yield in human cell lines. Int J Ra-
diat Biol 80:93–104

Audebert M, Salles B, Calsou P (2004) Involvement of 
poly(ADP-ribose) polymerase-1 and XRCC1/DNA ligase 
III in an alternative route for DNA double-strand breaks 
rejoining. J Biol Chem 279:55117–55126

Baumann M, Krause M, Dikomey E et al (2007) EGFR-targeted 
anti-cancer drugs in radiotherapy: preclinical evaluation 
of mechanisms. Radiother Oncol 83:238–248

Bennardo N, Cheng A, Huang N et al (2008) Alternative NHEJ 
is a mechanistically distinct pathway of mammalian chro-
mosome break repair. PLoS Genet 4:e1000110

Bennett EJ, Harper JW (2008) DNA damage: ubiquitin marks 
the spot. Nat Struct Mol Biol 15:20–22

DNA Repair and Cell Cycle Regulation After Ionizing Irradiation 267



Borgmann K, Roper B, El-Awady R et al (2002) Indicators of 
late normal tissue response after radiotherapy for head 
and neck cancer: fibroblasts, lymphocytes, genetics, DNA 
repair, and chromosome aberrations. Radiother Oncol 
64:141–152

Borgmann K, Dede M, Wrona A et al (2004) For X-irradiated 
normal human fibroblasts, only half of cell inactivation re-
sults from chromosomal damage. Int J Radiat Oncol Biol 
Phys 58:445–452

Borgmann K, Haeberle D, Doerk T et al (2007) Genetic de-
termination of chromosomal radiosensitivities in G0- 
and G2-phase human lymphocytes. Radiother Oncol 
83:196–202

Borgmann K, Hoeller U, Nowack S et al (2008) Individual ra-
diosensitivity measured with lymphocytes may predict the 
risk of acute reaction after radiotherapy. Int J Radiat Oncol 
Biol Phys 71:256–264

Caldecott KW (2008) Single-strand break repair and genetic 
disease. Nat Rev Genet 9:619–631

Chen L, Nievera CJ, Lee AY et al (2008) Cell cycle-depen-
dent complex formation of BRCA1.CtIP.MRN is impor-
tant for DNA double-strand break repair. J Biol Chem 
283:7713–7720

Coco Martin JM, Mooren E, Ottenheim C et al (1999) Poten-
tial of radiation-induced chromosome aberrations to pre-
dict radiosensitivity in human tumour cells. Int J Radiat 
Biol 75:1161–1168

Contessa JN, Reardon DB, Todd D et al (1999) The inducible 
expression of dominant-negative epidermal growth fac-
tor receptor CD533 results in radiosensitization of human 
mammary carcinoma cells. Clin Cancer Res 5:405–411

Corneo B, Wendland RL, Deriano L et al (2007) Rag mutations 
reveal robust alternative end joining. Nature 449:483–486

Dahm-Daphi J, Dikomey E (1995) Separation of DNA frag-
ments induced by ionizing irradiation using a graded-field 
gel electrophoresis. Int J Radiat Biol 67:161–168

Dahm-Daphi J, Dikomey E (1996) Rejoining of DNA double-
strand breaks in X-irradiated CHO cells studied by con-
stant- and graded-field gel electrophoresis. Int J Radiat 
Biol 69:615–621

David SS, O’Shea VL, Kundu S (2007) Base-excision repair of 
oxidative DNA damage. Nature 447:941–950

De Ruyck K, Van Eijkeren M, Claes K et al (2005) Radiation-
induced damage to normal tissues after radiotherapy in 
patients treated for gynecologic tumors: association with 
single nucleotide polymorphisms in XRCC1, XRCC3, and 
OGG1 genes and in vitro chromosomal radiosensitivity in 
lymphocytes. Int J Radiat Oncol Biol Phys 62:1140–1149

Di Leonardo A, Linke SP, Clarkin K et al (1994) DNA dam-
age triggers a prolonged p53-dependent G1 arrest and 
long-term induction of Cip1 in normal human fibroblasts. 
Genes Dev 8:2540–2551

Dickson J, Magee B, Stewart A et al (2002) Relationship be-
tween residual radiation-induced DNA double-strand 
breaks in cultured fibroblasts and late radiation reactions: 
a comparison of training and validation cohorts of breast 
cancer patients. Radiother Oncol 62:321–326

Difilippantonio S, Gapud E, Wong N et al (2008) 53BP1 facili-
tates long-range DNA end-joining during V(D)J recombi-
nation. Nature 456:529–533

Dikomey E, Dahm-Daphi J, Brammer I et al (1998) Correla-
tion between cellular radiosensitivity and non-repaired 
double-strand breaks studied in nine mammalian cell 
lines. Int J Radiat Biol 73:269–278

Dikomey E, Brammer I, Johansen J et al (2000) Relation-
ship between DNA double-strand breaks, cell killing, 
and fibrosis studied in confluent skin fibroblasts derived 
from breast cancer patients. Int J Radiat Oncol Biol Phys 
46:481–490

Dikomey E, Borgmann K, Brammer I et al (2003a) Molecular 
mechanisms of individual radiosensitivity studied in nor-
mal diploid human fibroblasts. Toxicology 193:125–135

Dikomey E, Borgmann K, Peacock J et al (2003b) Why recent 
studies relating normal tissue response to individual radi-
osensitivity might have failed and how new studies should 
be performed. Int J Radiat Oncol Biol Phys 56:1194–1200

Dittmann K, Mayer C, Fehrenbacher B et al (2005) Radiation-
induced epidermal growth factor receptor nuclear import 
is linked to activation of DNA-dependent protein kinase. 
J Biol Chem 280:31182–31189

Eastham AM, Atkinson J, West CM (2001) Relationships be-
tween clonogenic cell survival, DNA damage and chromo-
somal radiosensitivity in nine human cervix carcinoma 
cell lines. Int J Radiat Biol 77:295–302

El-Awady RA, Dikomey E, Dahm-Daphi J (2003) Radiosensi-
tivity of human tumour cells is correlated with the induc-
tion but not with the repair of DNA double-strand breaks. 
Br J Cancer 89:593–601

El-Awady RA, Mahmoud M, Saleh EM et al (2005) No correla-
tion between radiosensitivity or double-strand break re-
pair capacity of normal fibroblasts and acute normal tissue 
reaction after radiotherapy of breast cancer patients. Int J 
Radiat Biol 81:501–508

Elliott B, Richardson C, Jasin M (2005) Chromosomal trans-
location mechanisms at intronic Alu elements in mamma-
lian cells. Mol Cell 17:885–894

Esposito G, Antonelli F, Belli M et al (2005) DNA DSB induced 
by iron ions in human fibroblasts: LET dependence and 
shielding efficiency. Adv Space Res 35:243–248

Esposito G, Belli M, Campa A et al (2006) DNA fragments 
induction in human fibroblasts by radiations of different 
qualities. Radiat Prot Dosimetry 122:166–168

Essers J, Hendriks RW, Wesoly J et al (2002) Analysis of mouse 
Rad54 expression and its implications for homologous re-
combination. DNA Repair (Amst) 1:779–793

Falck J, Coates J, Jackson SP (2005) Conserved modes of re-
cruitment of ATM, ATR and DNA-PKcs to sites of DNA 
damage. Nature 434:605–611

Fernandez-Capetillo O, Celeste A, Nussenzweig A (2003) Fo-
cusing on foci: H2AX and the recruitment of DNA-dam-
age response factors. Cell Cycle 2:426–427

Fernandez-Capetillo O, Lee A, Nussenzweig M et al (2004) 
H2AX: the histone guardian of the genome. DNA Repair 
(Amst) 3:959–967

G. Iliakis, J. Dahm-Daphi, and E. Dikomey268



Frankenberg-Schwager M, Frankenberg D, Harbich R (1991) 
Different oxygen enhancement ratios for induced and un-
rejoined DNA double-strand breaks in eukaryotic cells. 
Radiat Res 128:243–250

Goldberg M, Stucki M, Falck J et al (2003) MDC1 is required 
for the intra-S phase DNA damage checkpoint. Nature 
421:952–956

Goodhead DT (2006) Energy deposition stochastics and track 
structure: what about the target? Radiat Prot Dosimetry 
122:3–15

Guan J, DiBiase S, Iliakis G (2000) The catalytic subunit DNA-
dependent protein kinase (DNA-PKcs) facilitates recovery 
from radiation-induced inhibition of DNA replication. 
Nucleic Acids Res 28:1183–1192

Gudkov AV, Komarova EA (2003) The role of p53 in determin-
ing sensitivity to radiotherapy. Nat Rev Cancer 3:117–129

Harima Y, Sawada S, Miyazaki Y et al (2003) Expression of 
Ku80 in cervical cancer correlates with response to radio-
therapy and survival. Am J Clin Oncol 26:e80–e85

Harrington K, Jankowska P, Hingorani M (2007) Molecular bi-
ology for the radiation oncologist: the 5Rs of radiobiology 
meet the hallmarks of cancer. Clin Oncol (R Coll Radiol) 
19:561–571

Helleday T, Lo J, van Gent DC et al (2007) DNA double-strand 
break repair: from mechanistic understanding to cancer 
treatment. DNA Repair (Amst) 6:923–935

Herskind C, Johansen J, Bentzen SM et al (2000) Fibroblast 
differentiation in subcutaneous fibrosis after postmastec-
tomy radiotherapy. Acta Oncol 39:383–388

Hirayama R, Furusawa Y, Fukawa T et al (2005) Repair kinetics 
of DNA-DSB induced by X-rays or carbon ions under oxic 
and hypoxic conditions. J Radiat Res (Tokyo) 46:325–332

Hoeller U, Borgmann K, Bonacker M et al (2003) Individual 
radiosensitivity measured with lymphocytes may be used 
to predict the risk of fibrosis after radiotherapy for breast 
cancer. Radiother Oncol 69:137–144

Hopfner KP, Craig L, Moncalian G et al (2002) The Rad50 
zinc-hook is a structure joining Mre11 complexes in DNA 
recombination and repair. Nature 418:562–566

Huen MS, Grant R, Manke I et al (2007) RNF8 transduces the 
DNA-damage signal via histone ubiquitylation and check-
point protein assembly. Cell 131:901–914

Huertas P, Cortes-Ledesma F, Sartori AA et al (2008) CDK tar-
gets Sae2 to control DNA-end resection and homologous 
recombination. Nature 455:689–692

Huyen Y, Zgheib O, Ditullio RA, Jr. et al (2004) Methylated 
lysine 79 of histone H3 targets 53BP1 to DNA double-
strand breaks. Nature 432:406–411

Iwabuchi K, Basu BP, Kysela B et al (2003) Potential role for 
53BP1 in DNA end-joining repair through direct interac-
tion with DNA. J Biol Chem 278:36487–36495

Jeggo PA, Lobrich M (2005) Artemis links ATM to double-
strand break rejoining. Cell Cycle 4:359–362

Kasten-Pisula U, Tastan H, Dikomey E (2005) Huge differ-
ences in cellular radiosensitivity due to only very small 
variations in double-strand break repair capacity. Int J Ra-
diat Biol 81:409–419

Kasten-Pisula U, Menegakis A, Brammer I et al (2008) The 
extreme radiosensitivity of the squamous cell carcinoma 
SKX is due to a defect in double-strand break repair. Ra-
diother Oncol DOI: 10.1016/j.radonc.2008.10.019    

Kinner A, Wu W, Staudt C et al (2008) Gamma-H2AX in rec-
ognition and signaling of DNA double-strand breaks in the 
context of chromatin. Nucleic Acids Res 36:5678–5694

Komuro Y, Watanabe T, Hosoi Y et al (2002) The expression 
pattern of Ku correlates with tumor radiosensitivity and 
disease-free survival in patients with rectal carcinoma. 
Cancer 95:1199–1205

Lee SW, Cho KJ, Park JH et al (2005) Expressions of Ku70 and 
DNA-PKcs as prognostic indicators of local control in 
nasopharyngeal carcinoma. Int J Radiat Oncol Biol Phys 
62:1451–1457

Lehmann AR (2005) The role of SMC proteins in the responses 
to DNA damage. DNA Repair (Amst) 4:309–314

Li CY, Nagasawa H, Dahlberg WK et al (1995) Diminished 
capacity for p53 in mediating a radiation-induced G1 
arrest in established human tumor cell lines. Oncogene 
11:1885–1892

Lieber MR, Ma Y, Pannicke U et al (2003) Mechanism and 
regulation of human non-homologous DNA end-joining. 
Nat Rev Mol Cell Biol 4:712–720

Little JB, Nagasawa H, Keng PC et al (1995) Absence of ra-
diation-induced G1 arrest in two closely related human 
lymphoblast cell lines that differ in p53 status. J Biol Chem 
270:11033–11036

Lobrich M, Jeggo PA (2007) The impact of a negligent G2/M 
checkpoint on genomic instability and cancer induction. 
Nat Rev Cancer 7:861–869

Lukas C, Melander F, Stucki M et al (2004) Mdc1 couples DNA 
double-strand break recognition by Nbs1 with its H2AX-
dependent chromatin retention. EMBO J 23:2674–2683

Maacke H, Jost K, Opitz S et al (2000a) DNA repair and re-
combination factor Rad51 is over-expressed in human 
pancreatic adenocarcinoma. Oncogene 19:2791–2795

Maacke H, Opitz S, Jost K et al (2000b) Over-expression of 
wild-type Rad51 correlates with histological grading of in-
vasive ductal breast cancer. Int J Cancer 88:907–913

Magne N, Chargari C, Castadot P et al (2008) The efficacy and 
toxicity of EGFR in the settings of radiotherapy: focus on 
published clinical trials. Eur J Cancer 44:2133–2143

Mailand N, Bekker-Jensen S, Faustrup H et al (2007) RNF8 
ubiquitylates histones at DNA double-strand breaks and 
promotes assembly of repair proteins. Cell 131:887–900

Mansour WY, Schumacher S, Rosskopf R et al (2008) Hier-
archy of nonhomologous end-joining, single-strand an-
nealing and gene conversion at site-directed DNA double-
strand breaks. Nucleic Acids Res 36:4088–4098

McMillan TJ, Cassoni AM, Edwards S et al (1990) The rela-
tionship of DNA double-strand break induction to radio-
sensitivity in human tumour cell lines. Int J Radiat Biol 
58:427–438

Nagasawa H, Li CY, Maki CG et al (1995) Relationship be-
tween radiation-induced G1 phase arrest and p53 function 
in human tumor cells. Cancer Res 55:1842–1846

DNA Repair and Cell Cycle Regulation After Ionizing Irradiation 269



Narod SA, Foulkes WD (2004) BRCA1 and BRCA2: 1994 and 
beyond. Nat Rev Cancer 4:665–676

Nikjoo H, Uehara S, Wilson WE et al (1998) Track structure 
in radiation biology: theory and applications. Int J Radiat 
Biol 73:355–364

Nunez MI, Villalobos M, Olea N et al (1995) Radiation-in-
duced DNA double-strand break rejoining in human tu-
mour cells. Br J Cancer 71:311–316

Nussenzweig A, Nussenzweig MC (2007) A backup DNA re-
pair pathway moves to the forefront. Cell 131:223–225

Nyati MK, Morgan MA, Feng FY et al (2006) Integration of 
EGFR inhibitors with radiochemotherapy. Nat Rev Cancer 
6:876–885

Olive PL, Banath JP, MacPhail HS (1994) Lack of a correlation 
between radiosensitivity and DNA double-strand break 
induction or rejoining in six human tumor cell lines. Can-
cer Res 54:3939–3946

Paffett KS, Clikeman JA, Palmer S et al (2005) Overexpression 
of Rad51 inhibits double-strand break-induced homolo-
gous recombination but does not affect gene conversion 
tract lengths. DNA Repair (Amst) 4:687–698

Painter RB (1986) Inhibition of mammalian cell DNA synthe-
sis by ionizing radiation. Int J Radiat Biol Relat Stud Phys 
Chem Med 49:771–781

Painter RB, Young BR (1980) Radiosensitivity in ataxia-te-
langiectasia: a new explanation. Proc Natl Acad Sci USA 
77:7315–7317

Paull TT, Lee JH (2005) The Mre11/Rad50/Nbs1 complex and 
its role as a DNA double-strand break sensor for ATM. 
Cell Cycle 4:737–740

Powell SN, DeFrank JS, Connell P et al (1995) Differential 
sensitivity of p53− and p53+ cells to caffeine-induced ra-
diosensitization and override of G2 delay. Cancer Res 
55:1643–1648

Prise KM, Davies S, Michael BD (1987) The relationship be-
tween radiation-induced DNA double-strand breaks and 
cell kill in hamster V79 fibroblasts irradiated with 250 kVp 
X-rays, 2.3 MeV neutrons or 238Pu alpha-particles. Int J 
Radiat Biol Relat Stud Phys Chem Med 52:893–902

Qiao GB, Wu YL, Yang XN et al (2005) High-level expression 
of Rad51 is an independent prognostic marker of sur-
vival in non-small-cell lung cancer patients. Br J Cancer 
93:137–143

Riballo E, Kuhne M, Rief N et al (2004) A pathway of double-
strand break rejoining dependent upon ATM, Artemis, 
and proteins locating to gamma-H2AX foci. Mol Cell 
16:715–724

Richardson C, Stark JM, Ommundsen M et al (2004) Rad51 
overexpression promotes alternative double-strand 
break repair pathways and genome instability. Oncogene 
23:546–553

Ristic D, Modesti M, Kanaar R et al (2003) Rad52 and Ku bind 
to different DNA structures produced early in double-
strand break repair. Nucleic Acids Res 31:5229–5237

Rodemann HP, Dittmann K, Toulany M (2007) Radiation-
induced EGFR-signaling and control of DNA-damage re-
pair. Int J Radiat Biol 83:781–791

Rothkamm K, Lobrich M (2003) Evidence for a lack of DNA 
double-strand break repair in human cells exposed to very 
low x-ray doses. Proc Natl Acad Sci USA 100:5057–5062

Rothkamm K, Kruger I, Thompson LH et al (2003) Pathways 
of DNA double-strand break repair during the mamma-
lian cell cycle. Mol Cell Biol 23:5706–5715

Rübe C, Dong X, Kühne M et al (2008) DNA double-strand 
rejoining in complex normal tissues. Int J Radiat Biol Relat 
Stud Phys Chem Med 72:1180–1187

Ruiz de Almodovar JM, Nunez MI, McMillan TJ et al (1994) 
Initial radiation-induced DNA damage in human tumour 
cell lines: a correlation with intrinsic cellular radiosensi-
tivity. Br J Cancer 69:457–462

Sartori AA, Lukas C, Coates J et al (2007) Human CtIP pro-
motes DNA end resection. Nature 450:509–514

Schulte-Uentrop L, El-Awady RA, Schliecker L et al (2008) 
Distinct roles of XRCC4 and Ku80 in non-homologous 
end-joining of endonuclease- and ionizing radiation-
induced DNA double-strand breaks. Nucleic Acids Res 
36:2561–2569

Schultz LB, Chehab NH, Malikzay A et al (2000) p53 bind-
ing protein 1 (53BP1) is an early participant in the cel-
lular response to DNA double-strand breaks. J Cell Biol 
151:1381–1390

Shiloh Y (2006) The ATM-mediated DNA-damage response: 
taking shape. Trends Biochem Sci 31:402–410

Shrivastav M, De Haro LP, Nickoloff JA (2008) Regulation of 
DNA double-strand break repair pathway choice. Cell Res 
18:134–147

Soderlund K, Stal O, Skoog L et al (2007) Intact Mre11/Rad50/
Nbs1 complex predicts good response to radiotherapy in 
early breast cancer. Int J Radiat Oncol Biol Phys 68:50–58

Song G, Ouyang G, Bao S (2005) The activation of Akt/PKB 
signaling pathway and cell survival. J Cell Mol Med 
9:59–71

Stark JM, Pierce AJ, Oh J et al (2004) Genetic steps of mam-
malian homologous repair with distinct mutagenic conse-
quences. Mol Cell Biol 24:9305–9316

Stewart GS, Wang B, Bignell CR et al (2003) MDC1 is a media-
tor of the mammalian DNA damage checkpoint. Nature 
421:961–966

Stiff T, O’Driscoll M, Rief N et al (2004) ATM and DNA-PK 
function redundantly to phosphorylate H2AX after expo-
sure to ionizing radiation. Cancer Res 64:2390–2396

Stucki M, Clapperton JA, Mohammad D et al (2005) MDC1 
directly binds phosphorylated histone H2AX to regulate 
cellular responses to DNA double-strand breaks. Cell 
123:1213–1226

Taucher-Scholz G, Heilmann J, Kraft G (1996) Induction and 
rejoining of DNA double-strand breaks in CHO cells after 
heavy ion irradiation. Adv Space Res 18:83–92

Toulany M, Dittmann K, Kruger M et al (2005) Radioresis-
tance of K-Ras mutated human tumor cells is mediated 
through EGFR-dependent activation of PI3K-AKT path-
way. Radiother Oncol 76:143–150

G. Iliakis, J. Dahm-Daphi, and E. Dikomey270



Toulany M, Kasten-Pisula U, Brammer I et al (2006) Blockage 
of epidermal growth factor receptor-phosphatidylinositol 
3-kinase-AKT signaling increases radiosensitivity of K-
RAS mutated human tumor cells in vitro by affecting DNA 
repair. Clin Cancer Res 12:4119–4126

Valerie K, Yacoub A, Hagan MP et al (2007) Radiation-induced 
cell signaling: inside-out and outside-in. Mol Cancer Ther 
6:789–801

Wang H, Zeng ZC, Bui TA et al (2001) Efficient rejoining of 
radiation-induced DNA double-strand breaks in verte-
brate cells deficient in genes of the RAD52 epistasis group. 
Oncogene 20:2212–2224

Ward IM, Minn K, van Deursen J et al (2003) p53 Binding 
protein 53BP1 is required for DNA damage responses and 
tumor suppression in mice. Mol Cell Biol 23:2556–2563

Ward IM, Reina-San-Martin B, Olaru A et al (2004) 53BP1 
is required for class switch recombination. J Cell Biol 
165:459–464

Ward JD, Barber LJ, Petalcorin MI et al (2007) Replication 
blocking lesions present a unique substrate for homolo-
gous recombination. EMBO J 26:3384–3396

Weinstock DM, Richardson CA, Elliott B et al (2006) Mod-
eling oncogenic translocations: distinct roles for double-
strand break repair pathways in translocation formation in 
mammalian cells. DNA Repair (Amst) 5:1065–1074

West CM, Davidson SE, Elyan SA et al (2001) Lymphocyte ra-
diosensitivity is a significant prognostic factor for morbid-
ity in carcinoma of the cervix. Int J Radiat Oncol Biol Phys 
51:10–15

Whitaker SJ, McMillan TJ (1992) Oxygen effect for DNA dou-
ble-strand break induction determined by pulsed-field gel 
electrophoresis. Int J Radiat Biol 61:29–41

Wilson CR, Davidson SE, Margison GP et al (2000) Expres-
sion of Ku70 correlates with survival in carcinoma of the 
cervix. Br J Cancer 83:1702–1706

Windhofer F, Wu W, Wang M et al (2007) Marked dependence 
on growth state of backup pathways of NHEJ. Int J Radiat 
Oncol Biol Phys 68:1462–1470

Wurm R, Burnet NG, Duggal N et al (1994) Cellular radiosen-
sitivity and DNA damage in primary human fibroblasts. 
Int J Radiat Oncol Biol Phys 30:625–633

Wyman C, Kanaar R (2006) DNA double-strand break repair: 
all’s well that ends well. Annu Rev Genet 40:363–383

Xie A, Hartlerode A, Stucki M et al (2007) Distinct roles 
of chromatin-associated proteins MDC1 and 53BP1 
in mammalian double-strand break repair. Mol Cell 
28:1045–1057

Yacoub A, McKinstry R, Hinman D et al (2003) Epidermal 
growth factor and ionizing radiation up-regulate the DNA 
repair genes XRCC1 and ERCC1 in DU145 and LNCaP 
prostate carcinoma through MAPK signaling. Radiat Res 
159:439–452

Yacoub A, Miller A, Caron RW et al (2006) Radiotherapy-
induced signal transduction. Endocr Relat Cancer 
13(Suppl):S99–S114

Yan CT, Boboila C, Souza EK et al (2007) IgH class switching 
and translocations use a robust non-classical end-joining 
pathway. Nature 449:478–482

You Z, Chahwan C, Bailis J et al (2005) ATM activation and 
its recruitment to damaged DNA require binding to the C 
terminus of Nbs1. Mol Cell Biol 25:5363–5379

DNA Repair and Cell Cycle Regulation After Ionizing Irradiation 271



K E Y  P O I n T S

 The unique, considerably dynamic and thus  •
complex physiology of tumors can markedly 
influence the therapeutic response to standard 
irradiation, chemotherapy, photodynamic ther-
apy, endocrine therapy and immunotherapy. 

 Acquired treatment resistance due to the im- •
pact of the hostile microenvironment adds to 
the “classical” drug resistance based on the mo-
lecular biology of tumors. 

 The chaotic microvasculature leads to a sig- •
nificant impediment of delivery, an uneven 
distribution and a compromised penetration 
of drugs from tumor capillaries to more distant 
tumor cells. 

 Interstitial transport of larger molecules  •
(monoclonal antibodies, cytokines) by convec-
tion is inhibited. 

 Low cell proliferation rates and cell cycle arrest  •
distant from tumor microvessels can protect 
tumor cells from the effects of cytotoxic thera-
pies whose activity is selective for rapidly di-
viding cell populations.

 Hypoxia directly and/or indirectly confers re- •
sistance to therapy. Direct effects are mediated 
through reduced generation of free radicals 
(some chemotherapy, photodynamic therapy) 
or lacking fixation of DNA damage (X- and 
γ-rays). 

 Indirect hypoxia-driven effects are mostly  •
based on changes in the transcriptome, in dif-
ferential regulations of gene expression and in 
alterations of the proteome and genome. 

 Anemia can lead to therapeutic resistance  •
through deepening hypoxia and reducing the 
transport capacity of red blood cells for various 
antineoplastic drugs.P. Vaupel, Dr.med., M.A. / Univ. Harvard
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Abstract 

It is generally accepted that tumor perfusion, micro-
circulation, characteristics of the interstitial space of 
tumors, oxygen (and nutrient) supply, tissue pH dis-
tribution and the bioenergetic status—factors that are 
usually closely linked and that define the so-called 
pathophysiological microenvironment—can markedly 
influence the therapeutic response of malignant tumors 
to sparsely ionizing radiation, chemotherapy, photody-
namic therapy, hormonal therapy and immunotherapy. 
Besides more direct mechanisms involved in the devel-
opment of acquired therapeutic resistance, there are in 
addition, obstacles in intratumor pharmacokinetics of 
antitumor agents due to delivery problems caused by 
an inadequate and heterogeneous perfusion and barri-
ers within the interstitial compartment. Indirect effects 
causing therapeutic resistance include lower cell prolif-
eration rates and cell cycle arrest. Changes in transcrip-
tome, alterations in gene expression and in the genome, 
genomic instability and clonal selection can drive sub-
sequent events that are known to further increase resis-
tance to therapy, in addition to critically affecting long-
term prognosis.

15.1   
Introduction

The physiology of solid tumors is uniquely different to 
that of normal tissues. It is characterized, inter alia, by a 
chaotic microvascular structure and function, O2 deple-
tion (hypoxia and anoxia, respectively), extracellular 
acidosis, significant interstitial fluid flow, and interstitial 
hypertension, creating a hostile pathophysiological mi-
croenvironment (see Chap. 4). This microenvironment 
is not static, but instead is quite dynamic (and therefore 
more complex than previously assumed), describing a 
situation that is not compatible with earlier, conven-
tional dogmas.

Hypoxia and the other microenvironmental pa-
rameters are known to directly or indirectly confer re-
sistance to non-surgical treatment modalities through 

limited access of therapeutics to the tumor, decreased 
radiosensitivity and drug action in the absence of O2, 
critically reduced effects in tumor cells that are poorly 
proliferating and via changes in pH gradients, etc. 
Other mechanisms include the capacity of the hostile 
microenvironment to drive changes in gene expression, 
genomic instability and clonal selection. 

15.2   
Role of the Disorganized,  
Compromised Microcirculation  
as an Obstacle in Tumor Therapy 

As already mentioned in Chap. 4, there is a disturbed 
balance of pro-angiogenic and anti-angiogenic mol-
ecules (yielding an unregulated angiogenesis), which 
leads to the development of a disorganized microvas-
culature and significant arterio-venous shunt perfusion 
and thus to an inefficient delivery of therapeutic mol-
ecules (e.g., drugs, cytokines and antibodies) and nu-
trients (e.g., oxygen and glucose) through the vascular 
system of the tumor (see Table 15.1). The situation is 
further aggravated by flow-dependent spatio-temporal 
heterogeneities in the distribution of plasma-borne 
drugs (and their metabolites).

The considerable impediment of fluctuating (in-
termittent) perfusion to successful cancer therapy has 
been comprehensively reviewed by Durand (2001) 
and Durand and Aquino-Parsons (2001 a,b).

The mean vascular density in most tumor areas is 
generally lower than that in normal tissues, and thus 
diffusion distances are enlarged. Penetration of drugs 
from tumor capillaries to tumor cells that are distant 
from them is therefore compromised. In these tumor 
regions distant to patent microvessels, some drugs (i.e., 
drugs with a short half-life within the circulation) can-
not achieve sufficient concentrations to exert lethal 
toxicity for all of the viable cells further away from the 
tumor microvasculature system (Minchinton and 
Tannock 2006; Di Paolo and Bocci 2007). In addi-
tion, in these tumor regions, the concentrations of the 
key nutrients are also low, leading to marked gradients 
with higher cellular turnover rates close to blood ves-
sels and lower cell proliferation rates (and cell cycle ar-
rest) farther from the nearest microvessel before treat-
ment and to repopulation of surviving tumor cells after/
between treatments (Tannock 1968, 2001; Hirst and 
Denekamp 1979). 

Cells dividing at a reduced rate would be protected 
from the effects of cytotoxic therapies whose activity is 
“selective” for rapidly dividing cell populations with a 

 Tumor acidosis is involved in acquired treat- •
ment resistance through a series of mechanisms 
including, inter alia, inhibition of cell prolifera-
tion, reduced cellular uptake and activation or 
an increased efflux of drugs.
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short cell cycle, a large proportion of cells in S-phase 
and, therefore, a large growth fraction (Hall and 
Giaccia 2006; Trédan et al. 2007). There is a strong 
indication that the growth fraction decreases as tumor 
size increases, at least in experimental tumor systems.

Anti-angiogenic therapy for solid tumors using 
inhibition of VEGF-signaling can generate an early-
phase of “normalization” of tumor vasculature (Jain 
2001). This occurs via the recruitment of pericytes to 
the tumor microvasculature, an effect associated with 
a temporary, short-lived stabilization of the vessels and 
a (still hypothetic) improvement in blood flow. The lat-
ter may be accompanied by improved oxygen and drug 
delivery, creating a window of opportunity for higher 
sensitivity to ionizing radiation and the delivery of 
anti-cancer agents (Jain 2005). The postulated increase 
in pericyte recruitment is thought to be mediated by 
angiopoietin-1 and matrix metalloproteinases (Lin and 
Sessa 2004).

15.3   
Interstitial Barriers  
to Delivery of Therapeutic Agents 

As already outlined in Chap. 4, the interstitial com-
partment of tumors is significantly different from that 
of normal tissues. As a result of (a) vessel leakiness, 
(b) lack of functional lymphatics, (c) interstitial fibro-
sis and (d) contraction of the interstitial matrix medi-
ated by stromal fibroblasts, most solid tumors have an 

increased interstitial (hydrostatic) fluid pressure (IFP; 
Jain 1987, 1990; Heldin et al. 2004; Milosevic et al. 
2004; Cairns et al. 2006).

Increased interstitial fluid pressure (IFP) within 
solid tumors decreases extravasation and inhibits the 
extravascular transport of larger molecules (e.g., mono-
clonal antibodies, cytokines) by convection (see Table 
15.2). Macromolecules rely more heavily on convection 
as opposed to simple diffusional transport. Interstitial 
transport of macromolecules is further impaired by a 
much denser network of collagen fibers in the extracel-
lular matrix of tumors as compared to normal tissues. 
Collagen content in tumors is much higher and collagen 
fibers are much thicker than in normal tissues, leading 
to an increased mechanical stiffness of the tissue (Netti 
et al. 2000; Heldin et al. 2004). 

IFP is almost uniform throughout a tumor and 
drops precipitously at the tumor/normal tissue inter-
face. For this reason, the interstitial fluid oozes out of 
the tumor into the surrounding normal tissue and car-
ries away anticancer agents with it (Fukumura and 
Jain 2007). As another consequence of this drop in IFP, 
blood may be diverted away from the tumor center to-
ward the periphery where anticancer agents may be lost 
from larger vessels.

Transmural coupling between IFP and microvas-
cular pressure can critically reduce perfusion pressure 
between up- and downstream tumor blood vessels (see 
Chap. 4, Sect. 4.6) leading to blood flow stasis and thus 
inadequate delivery of anticancer agents, in addition 
to the mechanisms impairing blood flow already men-
tioned. 

Table 15.1. Role of chaotic tumor microcirculation in acquired treatment resistance (selection)

Pathophysiological condition Leads via to

Inadequate and heterogeneous perfusion Inefficient and heterogeneous delivery of 
cytotoxic agents

Inefficient and heterogeneous nutrient 
supply yielding lower cell proliferation 
rates /cell cycle arrest

Impaired pharmacokinetics of drugs, 
impaired delivery of therapeutic 
macro molecules and gene therapies

Protection from cytotoxic therapies 
whose activity is selective for rapidly 
dividing cells

Arterio-venous shunt vessels Shunt perfusion (i.e., flow bypassing 
exchange vessels)

Impaired delivery of cytotoxic agents

Enlarged diffusion distances Compromised penetration of cytotoxic 
agents

Insufficient concentrations of drugs and 
therapeutic macromolecules in tumor 
regions distant to patent blood vessels
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(Trédan et al. 2007), tumor hypoxia plays a pivotal role 
in acquired treatment resistance, since O2 depletion in 
solid tumors is classically associated with resistance to 
radiotherapy, but has also been shown to diminish the 
efficacy of certain forms of chemotherapy, of photody-
namic therapy, immunotherapy and hormonal therapy 
(for reviews since 2000, see Chaplin et al. 2000; Vau-
pel et al. 2001a,b, 2002, 2004; Vaupel and Mayer 
2005; Shannon et al. 2003; Vaupel 2004b; Weinmann 
et al. 2004; Brown 2002, 2007; Tannock et al. 2005; 
Kurebayashi 2005; Hall and Giaccia 2006; Liao 
et al. 2007; Vaupel and Höckel 2008; Bristow and 
Hill 2008).

15.4.1   
General Aspects  
of Hypoxia-Driven Treatment Resistance

Hypoxia protects tumor cells from damage by nonsur-
gical anticancer therapies that are directly or indirectly 
O2-dependent (or both; for reviews see Moulder and 
Rockwell 1987; Durand 1991, 1994; Tannock and 
Hill 1992; Teicher 1993, 1994, 1995; Hall 1994; Vau-
pel 1997b; Chaplin et al. 2000; Höckel and Vaupel 
2001; see Table 15.3). 

Interactions between cancer cells and the extracel-
lular matrix can affect their response to chemotherapy. 
The basic mechanisms involved in the so-called adhe-
sion-mediated drug resistance are rather complex and 
still under investigation. Agents that can modulate cell 
adhesion might enhance the effects of chemotherapy 
(Trédan et al. 2007). 

Several types of treatment have been shown to de-
crease tumor IFP in patients (Lee et al. 2000; Willett 
et al. 2004, 2005; Batchelor et al. 2007). This decrease 
in IFP has been attributed to a substantial reduction in 
vascular permeability (concomitant with a pruning of 
tumor vessels) after angiogenesis-inhibiting treatment 
with VEGF-receptor inhibitors (combined with radia-
tion and/or chemotherapy). 

15.4   
Hypoxia as an Obstacle  
in Tumor Therapy

Although resistance of human tumors to anticancer 
agents is mostly ascribed to gene mutations, gene am-
plification or epigenetic changes that influence the up-
take, metabolism or export of drugs from single cells 

Table 15.2. Interstitial barriers in acquired treatment resistance

Pathophysiological condition Leads via to

Interstitial hypertension Decreased extravasation and compromised 
interstitial transport of macromolecules

Impaired delivery of  therapeutic macro-
molecules (e.g., passive immuno therapy) 
and gene therapies, disturbed immigration 
of immune effector cells 

Dense network of collagen fibers Compromised interstitial transport of 
macromolecules

Impaired delivery of  therapeutic macro-
molecules (e.g., passive immuno therapy)

IFP drop at the tumor/normal 
tissue interface

Centrifugal interstitial fluid flow
Diversion of blood from tumor center to 
periphery

Loss of anticancer agents
Loss of anticancer agents in the tumor 
periphery

Transmural coupling between IFP 
and microvascular pressure

Critical reduction in perfusion pressure Flow stasis compromising intra-tumor 
pharmacokinetics

Expansion of the interstitial space Increase in distribution space for anti-
cancer (and diagnostic) agents

Time necessary for drug concentration 
equilibrium between vascular 
and interstitial space may be prolonged

IFP = interstitial fluid pressure
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Table 15.3. Tumor hypoxia and acquired treatment resistance (selection of mechanisms)

treatment affected Mechanisms involved examples References

A. Direct effects

X- and γ-rays* Reduced “fixation” of DNA damage Hall and Giaccia (2006)

Chemotherapy* Reduced generation of free radicals Antibiotics (bleomycin, 
doxorubin)

Erlichman (1992)

Photodynamic 
therapy

Reduced generation of free radicals Shannon et al. (2003)
Henderson and Fingar 
(1987)

B. Indirect effects

X- and γ-rays* Cell cycle effects, modulation of proliferation 
kinetics 
Increased activity of repair enzymes
Enhanced expression of anti-apoptotic proteins
Selection of apoptosis-resistant cells
Elevated intracellular levels of glutathione and 
associated nucleophilic thiols

Hall and Giaccia (2006)

Chemotherapy** Cell cycle effects, modulation of proliferation 
kinetics 

Vinca alkaloids, 
methotrexate, plati num 
compounds, taxanes, 
doxorubicin

Chabner et al. (1996)

Increased activity of repair enzymes Alkylating agents, 
platinum com pounds, 
etoposide, anthracyclines

Chabner et al. (1996)
Zeller (1995)

Elevated intracellular levels of glutathione Melphalan

Increased telomerase activity Telomerase inhibitors Nishi et al. (2004) 
Anderson et al. (2006)

Development of an aggressive phenotype Lunt et al. (2008)

Amplification and increased synthesis of 
dihydrofolate reductase (DHFR)

Methotrexate Rice et al. (1986)

Increased synthesis of growth factors 
(e.g., TGF-β, bFGF)

Wei and Au (2005)

Increased transcription of membrane 
transporters (e.g., GP-170, GLUT-1)

Vinca alkaloids, 
anthracyclines, 
etoposide, taxanes

Vera et al. (1991)
Comerford et al. (2002)

Increased expression of anti-apoptotic proteins, 
selection of apoptosis-resistant cells

Alkylating agents, 
cisplatin, anthracyclines, 
etoposide

Cole and Tannock 
(2005)

Protection against drug-induced senescence Anthracyclines Sullivan et al. (2008)

*Anemia acts as a factor worsening tumor hypoxia

**Anemia acts as a factor that intensifies tumor hypoxia and that may impair transport of some cytotoxic drugs by red blood cells
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15.4.1.1   
Direct Effects

Direct effects (i.e., effects of hypoxia per se) are medi-
ated via deprivation of molecular O2 and thus reduced 
generation of free radicals that some chemotherapeutic 
agents (e.g., the antibiotics bleomycin and doxorubicin; 
Erlichman 1992) and photodynamic therapy require 
to be maximally cytotoxic. Sparsely ionizing radiation 
(X- and γ-rays) needs O2 for “fixation” of DNA damage 
(Fig. 15.1).

15.4.1.2   
Indirect Effects Based  
on Changes in the Transcriptome, 
in Differential Regulation of Gene Expression 
and in Alteration of the Proteome

Indirect effects, which to a great extent are reversible 
and which may occur upon exposure to oxygen levels 
< 1% (pO2 < 7 mmHg), rely on the hypoxia-mediated 
modulation (stimulation or inhibition) of gene expres-

sion (see Fig. 15.1) and posttranscriptional or posttrans-
lational effects resulting in changes in the proteome and 
leading, inter alia, to
(a)  modulation of proliferation kinetics, perturba-

tions of the cell cycle distribution, the number of 
tumor cells accumulating in G1-phase (e.g., 5-FU; 
Yoshiba et al. 2008) and a reduction in the fraction 
of active S-phase cells (e.g., the vinca alkaloids and 
methotrexate exhibit cell-cycle-phase specificity; 
Chabner et al. 1996). As a rule, the portion of pro-
liferating cells decreases with increasing hypoxia 
and increasing duration of hypoxia. Hereby, the 
fraction of hypoxic and not proliferating—but still 
viable—tumor cells is of special interest;

(b)  quantitative changes in cellular metabolism (e.g., 
intensified glycolysis in hypoxic tumors with tis-
sue acidosis, which in turn can have an impact on 
cellular activation, intracellular accumulation and 
membrane transport of drugs), increased enzyme 
activities, elevated intracellular concentrations of 
glutathione (GSH) and associated nucleophilic thi-
ols that can compete with the target DNA for alkyla-
tion (see Table 15.3);  

Table 15.3. (continued) Tumor hypoxia and acquired treatment resistance (selection of mechanisms)

treatment affected Mechanisms involved examples References

B. Indirect effects

Endocrine therapy Reduced expression of estrogen receptor

Enhanced androgen receptor function 

Hormonal therapy of 
breast cancer

Androgen-deprivation 
therapy

Kurebayashi (2005)

Park et al. (2006)

Immunotherapy Reduced survival and proliferation of T-cells

Reduced production of cytokines by T-cells

Immunosuppression by adenosine

Tumor-associated macrophages recruited to 
hypoxic sites can switch to a “protumor pheno-
type” leading to immune evasion of tumors

Kim et al. (2008)

Lukashev et al. (2007)

Sitkovsky and Lukashev 
(2005)

Lewis and Murdoch 
(2005)
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(c)  increased transcription of membrane transporters 
(e.g., GLUT-1 facilitating the efflux of vinblastine, 
Vera et al. 1991), DNA repair enzymes, autocrine 
and paracrine growth factors (e.g., TGF-β), proteins 
involved in cell detachment and tumor invasiveness, 
and resistance-related proteins. Many hypoxia-
inducible genes are controlled by the transcription 
factors HIF-1, nuclear factor κB (NFκB) and activa-
tor protein-1 (AP-1; Koong et al. 1994; Dachs and 
Tozer 2000; Laderoute et al. 2002). 

In addition to hypoxia, other epigenetic microenviron-
mental factors (e.g., acidosis, glucose depletion, lactate 
accumulation) may also be involved in the mechanisms 
described above. (For more details on hypoxia-medi-
ated proteome changes, see Rice et al. 1986; Lader-
oute et al. 1992; Ausserer et al. 1994; Graeber et al. 
1994; Sanna and Rofstad 1994; Giaccia 1996; Mat-
tern et al. 1996; Raleigh 1996; Brown and Giaccia 
1998; Sutherland 1998; Semenza 2000a,b; Höckel 
and Vaupel 2001). 

15.4.1.3   
Indirect Effects  
Based on Enhanced Mutagenesis,  
Genomic Instability and Clonal Selection

Therapeutic resistance can also result from (progres-
sive) genome changes and clonal selection at tissue O2 
concentrations <0.1% (pO2 <0.7 mmHg; Vaupel 2004b, 
2008).

Increasing resistance towards nonsurgical therapy 
concomitant with primary tumor growth can also be 
driven by transient or persistent genomic changes and 
clonal selection (often associated with subsequent clonal 
dominance) due to a hypoxia-related strong selection 
pressure (see Fig. 15.1). Hypoxia promotes genomic in-
stability (through point mutations, gene amplification 
and chromosomal rearrangements), thus increasing 
the number of genetic variants and thereby promoting 
clonal and intrinsic tumor cell heterogeneity. Emanci-
pative proliferation of resistant clonal variants in a “sur-
vival of the fittest” scenario and malignant progression 
are the final results (see Table 15.3).

Hypoxia-mediated clonal selection of tumor cells 
with persistent genomic changes can lead, inter alia, 
to a loss of differentiation and of apoptosis, which 
can stabilize or further aggravate tumor hypoxia and 
which in turn again promotes malignant progression 
(Vaupel 2004a, 2008). Thus, hypoxia is involved in a 
vicious circle that is regarded as a fundamental bio-
logic mechanism of malignant disease (for reviews, see 
Höckel and Vaupel 2001; Vaupel et al. 2004; Vau-
pel 2008). Other consequences of hypoxia-induced 
malignant progression are an increased locoregional 
spread and enhanced metastasis (Höckel et al. 1996a, 
1998). (For more details on hypoxia-mediated genome 
changes and expansion of aggressive tumor subclones, 
see Young et al. 1988; Stoler et al. 1992; Cheng and 
Loeb 1993; Stackpole et al. 1994; Russo et al. 1995; 
Giaccia 1996; Graeber et al. 1996; Reynolds et al. 
1996; Kim et al. 1997; Höckel et al. 1999; Höckel and 
Vaupel 2001).

Fig. 15.1. Hypoxia-driven direct and indirect 
mechanisms leading to acquired treatment resis-
tance
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15.4.2   
Tumor Hypoxia  
as an Obstacle in Radiotherapy

Tumor hypoxia may present a severe problem for 
radiation therapy (X- and γ-radiation), because ra-
diosensitivity is progressively limited when the O2 
partial pressure in a tumor is less than 25–30 mmHg, 
the latter representing the median O2 tensions in most 
normal tissues (Vaupel et al. 2003; see Fig. 15.2). Hyp-
oxia-associated resistance to photon radiotherapy is 
multifactorial. Mo lecular oxygen “fixes” (i.e., makes 
permanent) DNA damage produced by oxygen free 
radicals, which arise after the interaction of radiation 
with intracellular water (Hall and Giaccia 2006). 
Thus, because of this so-called “oxygen-enhancement 
effect,” the radiation dose required to achieve the same 
biologic effect is approximately three times higher in 
the absence of oxygen than in the presence of normal 
levels of oxygen (Gray et al. 1953). Evidence suggests 
that hypoxia-induced proteome and genome changes 
(see Table 15.3) may also have a substantial impact on 
radioresistance by increasing the levels of heat shock 
proteins and repair enzymes or by increasing the 
number of cells in a tumor with diminished apoptotic 
potential or increased proliferation potential of selected 
clones, both of which have been linked to radioresistance 
(for a review, see Höckel et al. 1996b; Höckel and 
Vaupel 2001).

Numerous clinical studies report an impaired radio-
curability of anemic patients, most probably due to hyp-
oxia-related radioresistance (Evans and BergsjØ1965; 
Bush 1986; Frommhold et al. 1998; Henke et al. 1999; 
Grau and Overgaard 2000; Kumar 2000; Harrison 
et al. 2002; Dunst 2004; Dunst and Molls 2008; Har-
rison and Blackwell 2004; Nowrousian et al. 2008; 
Haugen et al. 2004; Hu and Harrison 2005; Ludwig 

2004; Prosnitz et al. 2005). A significant influence of 
hemoglobin level on the outcome of radiotherapy has 
been convincingly documented for carcinomas of the 
uterine cervix, head and neck, bladder and bronchus 
(for a review, see Grau and Overgaard 2000). One 
major reason for these observations may be the fact that 
anemia can strongly aggravate tumor hypoxia (Vaupel 
et al. 2006).

Carbon monoxide (CO) in tobacco smoke strongly 
binds to hemoglobin (formation of carboxyhemoglobin 
HbCO) and thus decreases the amount of “effective” 
hemoglobin. Furthermore, CO increases the hemoglo-
bin affinity for O2. The sum of these effects is a signifi-
cant increase in tumor hypoxia and in radioresistance, 
resulting in a poorer treatment outcome after primary 
radiotherapy (for a review, see Grau and Overgaard 
2000). 

15.4.3   
Tumor Hypoxia  
as an Adverse Parameter in Chemotherapy

Besides restricted delivery and uneven distribution 
(due to poor and heterogeneous blood flow) as well 
as reduced diffusional flux (due to enlarged diffusion 
distances), oxygen-dependency has been documented 
for a broad range of cytotoxic drugs (e.g., cyclophos-
phamide, carboplatin and doxorubicin) under in vitro 
and in vivo conditions (Teicher et al. 1981, 1990; 
Teicher 1994, 1995). However, these investigations 
have been qualitative, and clear hypoxic thresholds for 
O2-dependent anti cancer agents are still not available, 
although they presumably exist for each agent (Wout-
ers et al. 2007). Thus, additional research is neces sary to 
provide quantitative data on hypoxia-induced chemore-
sist ance, although this information may be difficult to 

Fig. 15.2. Schematic representation of major 
hypoxia-induced mechanisms causing treatment 
resistance and malignant progression, finally lead-
ing to poor long-term prognosis
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obtain under in vivo conditions. Multiple (direct and 
indirect) mechanisms are probably also involved in the 
hypoxia-induced resis tance to chemotherapeutic agents, 
including a reduced generation of free radicals (e.g., 
bleomycin, anthracyclines), the increased production of 
nucleo philic substances such as glutathione, which can 
compete with the target DNA for alkylation (e.g., in the 
acquired resistance to alkylating agents), an increased 
activity of DNA repair enzymes (e.g., alkylating agents, 
platinum compounds; Chabner et al. 1996), an inhibi-
tion of cell proliferation and tissue acidosis, which is 
often observed in hypoxic tumors with a high glycolytic 
rate (Durand 1991, 1994). Furthermore, hypoxic stress 
proteins, the loss of apoptotic potential and multi-drug 
resistance proteins can impart resistance to certain 
chemotherapeutic drugs (Sakata et al. 1991; Hickman 
et al. 1994; Shannon et al. 2003). Clear hypoxic thresh-
olds for chemotherapeutic agents are still not available, 
although resistance of hypoxic cells to conventional 
chemotherapy is well documented (Wouters et al. 
2007).

Anemia is an independent risk factor for survival 
in most cancers treated with chemotherapy (e.g., Har-
rison and Blackwell 2004; Ludwig 2004; Prosnitz 
et al. 2005; Van Belle and Cocquyt 2003). As with 
radiotherapy, the presence of anemia and its association 
with inferior results of chemotherapy may be—at least 
partially—linked to severe hypoxia and its profound 
effect on tumor biology (e.g., development of an ag-
gressive phenotype). However, anemia as a result of a 
reduced red blood cell mass may also have a negative 
impact on the pharmacokinetics of chemotherapeutic 
agents (Nowrousian 2008). RBCs have been reported 
to play an important role in storage, transport and me-
tabolism of particular cytotoxic drugs. Anthracyclines, 
ifosfamide and its metabolites, and topoisomerase I/
II inhibitors are incorporated in erythrocytes and may 
be transported by these cells to the tumor tissue and 
mobilized by active or passive mechanisms (Highley 
et al. 1997; Ramanathan-Girish and Boroujerdi 
2001; Schrijvers 2003). 6-Mercaptopurine, metho-
trexate and aminotrexate are reported to accumulate in 
erythrocytes (Cole et al. 2006; Halonen et al. 2006). 
As shown for oxaliplatin, platinum-derived cytotoxic 
agents are also bound to erythrocytes and transported 
by RBCs (Luo et al. 1999). In an animal model, a sig-
nificant correlation was found between concentrations 
of melphalan in erythrocytes and the tumor availabil-
ity of this drug (Wildiers et al. 2002). Because of their 
potential ability to take up, transport and deliver vari-
ous antineoplastic drugs, erythrocytes have increasingly 
become interesting objects to be evaluated as biologi-
cal carriers in clinical oncology. Pretreatment elevation 

and/or maintenance of Hb levels are therefore essential, 
irrespective of the way in which this goal is achieved 
(Wildiers et al. 2002).

15.4.4   
Tumor Hypoxia  
as an Obstacle in Chemoradiation

The combination of radiotherapy and chemotherapy is a 
promising approach because of its independent cell kill 
effect and the property of some cytotoxic agents to en-
hance the effect of radiotherapy. At the end of the 1970s, 
platinum complexes were described as being able to act 
as potent radiosensitizers of hypoxic tumor cells (Dou-
ple and Richmond 1978, 1979). As an obstacle in this 
type of chemoradiation, Koukourakis et al. (2002) 
have suggested that (hypoxia-induced?) overexpression 
of HIF-1α in patients with head and neck cancer may be 
related to substantial resistance to carboplatin chemo-
radiotherapy. More in-depth research is needed to ac-
curately characterize adverse effects of hypoxia in this 
type of combination therapy. 

15.4.5   
Tumor Hypoxia as a Barrier  
for Other nonsurgical Anticancer Therapies

15.4.5.1   
Photodynamic Therapy

Photodynamic therapy-mediated cell death requires 
the presence of oxygen, a photo sensitizing drug, and 
light of the appropriate wavelength, both in vitro and 
in vivo (for a review see Freitas and Baronzio 1991). 
However, reports vary greatly on the extent to which 
photodynamic therapy with hematoporphyrin deriva-
tives is dependent on oxygen (Moan and Sommer 
1985; Henderson and Fingar 1987). Cells were not 
killed under anoxic conditions. The critical threshold—
below which progressively reduced cell death was ob-
served—varied between 15 and 35 mmHg (Mitchell 
et al. 1985; Henderson and Fingar 1987; Chapman 
et al. 1991), probably because of reduced production of 
singlet oxygen species (1O2) and different sensitivities 
from the treatment in different cell lines. Considering 
the reduced effectiveness of photodynamic agents at 
lower O2 partial pressures, the rapid induction of tumor 
hypoxia by photodynamic therapy itself—either as a 
consequence of a photodynamic therapy-induced de-
crease in blood flow or as a result of oxygen consump-
tion by the photodynamic therapy process itself—has 
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to be considered under in vivo conditions, since it may 
mean that this ther apy is self-limiting (Chapman et al. 
1991; Chen et al. 2002). Photodynamic therapy involv-
ing prodrugs, such as amino levulinic acid (ALA), may 
be further limited because conversion of the prodrug 
to the active pho tosensitizer appears to be less effective 
under hypoxic conditions.

15.4.5.2   
Immunotherapy

As already described in Sects. 15.2 and 15.3, immuno-
therapy is heavily hampered by the morphologically 
aberrant tumor microvasculature and increased inter-
stitial fluid pressure, which can impede the delivery of 
cytokines and monoclonal antibodies and can prevent 
immigration of immune effector cells into the estab-
lished tumor parenchyma. 

Tumor hypoxia can dramatically impede the effec-
tiveness of certain (passive) immunotherapies using 
cytokines (interferon-γ and tumor necrosis factor-α). 
Hypoxia also reduces survival and proliferation of T-
lymphocytes and the production of cytokines by these 
cells (Kim et al. 2008; Lukashev et al. 2007). Pharma-
cological studies have firmly established that high levels 
of adenosine, a pathophysiological feature of solid tu-
mors (see Chap. 4, Sect. 4.11.12), have immunosuppres-
sive effects (Sitkovsky and Lukashev 2005; Ohta 
et al. 2006). In addition, hypoxia can alter IL-2-induced 
activation of lymphokine-activated killer (LAK) cells 
(reviewed by Chaplin et al. 2000; Kim et al. 2008; 
Sitkovsky and Lukashev 2005). The potency of treat-
ment started to decrease at oxygen partial pressures of 
less than approximately 35 mmHg (≈ 5% O2).

15.4.5.3   
Resistance to Hormonal Treatment

Endocrine therapy is the treatment of choice for 
patients with breast cancer expressing estrogen receptor 
(ER) and/or progesterone receptor (PR). A hypoxic mi-
croenvironment has been shown to posttranscription-
ally reduce ER-α expression in breast cancer cells and 
thus decreases sensitivity to hormonal agents. ER-
α-negative invasive breast cancer is more aggressive 
and in situ cancer is associated with increased risk of 
progression to invasive disease (Kurebayashi et al. 
2001; Kurebayashi 2005; Helczynska et al. 2003; 
Stoner et al. 2002). Cooper et al. (2004) have shown 
that the reduced ER-α expression in breast cancers is 

caused by persistent changes in proteasome function as 
a response to intermittent hypoxia. As a consequence, 
the latter authors observed a diminished response to 
estradiol and development of resistance to endocrine 
therapy.

15.5   
Tumor Acidosis and Treatment Resistance

As already outlined in Chap. 4, tumor cells have a lower 
extracellular pH (pHe) than normal cells. This is an in-
herent characteristic of the tumor phenotype. Like nor-
mal cells, tumor cells have a neutral to slightly alkaline 
cytosolic (“internal”) pH (pHi), which is considered to 
be permissive for cell proliferation (Gillies et al. 1992). 
The result is a reverse (or negative) pH gradient (pHi 
> pHe) across the tumor-cell plasma membrane in vivo 
compared with normal tissues where pHi < pHe  (≈ 7.2 
vs. ≈ 7.4; reviewed in Vaupel et al 1989; Griffiths 
1991).

The extracellular acidosis in tumors is not simply 
caused by excessive production of lactic acid and CO2, 
but may also be the result of other mechanisms yielding 
H+ ions that are exported into the extracellular space 
mainly via the H+-monocarboxylate cotransporter 
(MCT1) and the Na+/H+ antiporter (NHE1), and—to 
a lesser extent—by a vacuolar type H+-pump (H+-AT-
Pase; Fais et al. 2007). Taking the various H+ sources of 
the tumor metabolism into account, it is not surprising 
that hypoxia is not always correlated with a decrease in 
extracellular pH, i.e., acidic tumor regions and hypoxic 
tumor areas are not necessarily congruent. 

pH effects on therapeutic modalities were sum-
marized extensively prior to 2000 by Wike-Hooley 
et al. (1984), Tannock and Rotin (1989), Durand 
(1991,1994), Song et al. (1993, 1999), Vaupel (1997), 
Gerweck (1998) and Stubbs (1998). More recent re-
views include Stubbs et al. (2000), Evelhoch (2001) 
and Roepe (2001).

15.5.1   
Effects of Tumor Acidosis 
on Ionizing Radiation

Cell survival after ionizing radiation has been assessed 
at low extracellular pH for several mammalian cell lines. 
The results demonstrated increased radiation resistance 
at reduced pHe, the effect, however, being much less 
than that due to hypoxia (Haveman 1980; Röttinger 
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et al. 1980; Freeman et al. 1981; Röttinger and Men-
donca 1982). The mechanisms involved may be due to 
either a greater capacity for DNA repair under low pH 
conditions or to an inhibition of the fixation of poten-
tially lethal radiation damage (Freeman and Sierra 
1984; Tannock and Rotin 1989). Furthermore, it has 
been reported that an acidic environment can suppress 

radiation-induced postmitotic apoptosis (Lee et al. 
1987).

Low environmental pH has also been shown to in-
hibit cell proliferation, can exert substantial effects on 
cell cycle that also modify radiosensitivity and can se-
lect for a more aggressive phenotype (Hill et al. 2001; 
Rofstad et al. 2006; see Table 15.4).

Table 15.4. Tumor acidosis and acquired treatment resistance (selection of mechanisms)

treatment affected Mechanisms involved examples References

X- and γ-rays Reduced “fixation” of DNA damage

Increased capacity for DNA repair

Freeman and Sierra (1984)

Haveman (1980)
Röttinger et al. (1980)

Cell cycle effects,
reduced cell proliferation rate

Taylor and Hodson (1984)
Eagle (1973)

Development of an aggressive phenotype

Suppression of radiation-induced apoptosis

Hill et al. (2001)
Rofstad et al. (2006)

Lee et al. (1987)

Chemotherapy Cell cycle effects, 
reduced cell proliferation rate

Wike-Hooley et al. (1984)
Cole and Tannock (2005)
Valeriote and van Putten 
(1975)

Reduced active uptake due to ATP-depletion
Reduced uptake by diffusion

Increased DNA repair

Methotrexate
Weakly basic drugs

Alkylating agents

Gerweck and Seetharaman 
(1996)

Sarkaria et al. (2008)

Over-expression of P-glycoprotein (Pgp), 
increased drug efflux

Anthracyclines
vinca alkaloids

Wei and Roepe (1994)
Lotz et al. (2007)

Resistance to apoptosis Overexpression of Pgp Robinson et al. (1997)

Immunotherapy Inhibition of cell-mediated anti-tumor 
immunity

Lardner (2001)

Decreased T-cell-mediated cytotoxicity 
through Pgp-overexpression

Weisburg et al. (1996)

Inhibition of LAK-cells Severin et al. (1994)

Depression of NK-cells Loeffler et al. (1991)
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15.5.2   
pH and Chemotherapy

The transport of drugs into tumor cells (either by dif-
fusion or carrier-mediated mechanisms) and their in-
tracellular metabolism are pH-dependent (Tannock 
and Rotin 1989). Since the cellular uptake of drugs by 
diffusion is efficient only for the non-ionized form of 
compounds and since the extracellular pH in tumors 
is acidic with the cytosolic pH being maintained in the 
neutral/slightly alkaline range, the respective pH gradi-
ent acts to exclude weakly basic drugs and thus impairs 
their cellular uptake by diffusion. Since cell membranes 
are readily permeable only to uncharged drug mol-
ecules, weak bases tend to concentrate on the more acid 
side of the membrane, i.e., in the extracellular space, 
while weak acids accumulate on the more alkaline side 
of the membrane, i.e., in the cytosolic compartment. 
Weakly basic drugs include doxorubicin, idarubicin, 
epirubicin, daunarubicin, bleomycin, mitoxantrone and 
vinca alkaloids (Raghunand and Gillies 2000, 2001; 
Gerweck and Seetharaman 1996; Gerweck 1998; 
Gerweck et al. 2006).

Multiple indirect mechanisms may additionally 
be involved in the acidosis-induced resistance to che-
motherapeutic agents, including an increased efflux of 
drugs (Wei and Roepe 1994) and resistance to apopto-
sis (Robinson et al. 1997), the latter mechanisms being 
mediated by overexpression of P-glycoprotein. Further-
more, an increased activity of DNA repair enzymes has 
been convincingly described (Sarkaria et al. 2008), 
and an inhibition of cell proliferation and cell cycle ef-
fects have extensively been discussed as mechanisms re-
ducing the effectiveness of chemotherapeutic agents in 
acidic environments (e.g., Valeriote and van Putten 
1975; see Table 15.4).

15.5.3   
pH and Immunotherapy

Although there are only relatively few studies on the ef-
fect of acidic extracellular pH on immune cells and their 
function, evidence of impaired lymphocyte cytotoxicity 
and proliferation at acidic pH is beginning to emerge 
(for a review see Lardner 2001). There is a growing 
awareness among immunologists and oncologists of the 
potential modulatory role of the acidic tumor microen-
vironment on immune cell function (see Table 15.4). 
The majority of the work to date has focused primarily 
on cell-mediated immunity, with only a few studies on 
humoral immunity. Summarizing the few data available 
so far, the acidic microenvironment may be inhibitory 

to the antitumor immunity (Cairns et al. 2006). Most 
of this evidence is experimental, and clinical demon-
stration of similar phenomena will be difficult. Further-
more, many data are still too preliminary for firm con-
clusions to be made and are thus speculative. 

15.6   
Conclusions

Besides “classical” drug resistance (mostly based on the 
molecular biology of tumors), which can only partly ex-
plain the lack of treatment efficacy, acquired therapeutic 
resistance due to the impact of hostile microenviron-
mental conditions is increasingly receiving attention in 
clinical practice. One of the goals of translational can-
cer research is to obtain a better understanding of the 
impact of these hostile microenvironmental parameters 
on tumor response to therapy, in order to improve pa-
tients’ outcomes. 

Based on the association between hostile microen-
vironmental parameters and treatment failure, further 
development and validation of noninvasive techniques 
for the repeated assessment of these factors are urgently 
needed to enable an application in the clinical routine 
and integration into general patient care. Pretreat-
ment assessment of the hostile micromilieu and the 
pathophysiology of individual tumors should allow a 
selection of patients for more aggressive treatment and/
or for individualization of therapy.
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K E Y  P O I n T S

 Overall treatment time (OTT) is the time period  •
between the first and the last day of treatment.

 Experimental and clinical evidence shows that  •
OTT is an important parameter of curative ra-
diotherapy and that many fractionated irradi-
ated tumours exhibit a time factor.

 A meta-analysis of 12 randomized clinical tri- •
als including patients with squamous cell car-
cinomas of the head and neck revealed that ac-
celerated radiotherapy resulted in significantly 
better local tumour control than conventional 
radiotherapy.

 Repopulation of tumour stem cells during frac- •
tionated irradiation is considered to be the ma-
jor underlying mechanism of increased treat-
ment resistance with longer OTT.

 The effective cell doubling time is determined  •
by the rate of cell production and cell loss. 
Therefore, accelerated repopulation of tumour 
stem cells during radiotherapy could result 
from an increased production rate or reduced 
stem cell loss.

 While changes in microenvironment appear to  •
passively affect repopulation, it has been pos-
tulated that an active regulatory element is in-
volved in triggering accelerated repopulation 
in tumours. This view is supported by similar 
repopulation kinetics in squamous cell carci-
nomas and normal epithelium where reoxy-
genation is unlikely to contribute to accelerated 
repopulation. Several studies indicate a role of 
signalling via epidermal growth factor receptor 
(EGFR).

 In experimental studies, inhibition of EGFR by  •
monoclonal antibodies has been shown to in-
hibit accelerated repopulation during fraction-
ated irradiation.
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Abstract

Delivering radiation treatment with identical total dose 
over a shorter as compared to a longer time period in-
fluences the clinical effects on both normal tissue and 
tumour cells. The concept of dose-dense chemotherapy 
is also based on reduction of overall treatment time by 
shortening the interval between cycles. This chapter re-
views preclinical and clinical data on the influence of 
treatment time and cell kinetics on outcome.

16.1   
Introduction

Conventional curative radiotherapy is given in 30–35 
daily fractions of 1.8–2 Gy in an overall treatment time 
(OTT) of 6–7 weeks. OTT is the time period between 
the first and the last day of treatment. This standard 
regimen has been developed to treat the tumour with 
a high radiation dose and with acceptable side effects 
to normal tissues. It has been recognized that normal 
tissue tolerance to radiotherapy increases with the use 
of small doses per fraction and with a time interval 
between fractions long enough for regeneration. 
On the other hand, it was generally accepted among 
radiation oncologists that prolonged OTT did not 
reduce antitumour efficacy of curative radiotherapy. 
This view was based on the observation that tumours 
usually grow at a slow rate with volume doubling 
times of several months (reviewed in Begg and Steel 
2002). Therefore it was assumed that prolongation of 
OTT by several days, e.g. because of acute side effects 
or machine breakdown, would not result in inferior 
tumour control probability. However, this view has 
changed dramatically during the last 20 years by exper-
imental and clinical evidence showing that OTT is an 
important parameter of curative radiotherapy and that 
many fractionated irradiated tumours exhibit a time 
factor.

16.2   
Time Factor of Fractionated Radiotherapy

In their seminal article published in 1988, Withers and 
colleagues reported that in patients with head and neck 
squamous cell carcinomas local tumour control after 
fractionated radiotherapy decreases with prolonged 
OTT (Withers et al. 1988). The loss in radiation dose 
was estimated to be as high as 0.6 Gy per day. Several 
experimental studies on tumours in mice supported 
the early clinical observation that OTT matters (Bau-
mann et al. 1994; Beck-Bornholdt et al. 1991; Speke 
and Hill 1995a, b; Suit et al. 1977). Consequently, the 
concept of shortening of the OTT (accelerated radio-
therapy) as a therapeutic intervention counteracting the 
time factor of fractionated radiotherapy was tested in 
clinical trials. Today, data from numerous randomized 
clinical trials with several thousand patients, mainly 
with squamous cell carcinomas of the head and neck 
as well as with lung cancer, are available. A meta-anal-
ysis of 12 randomized clinical trials with 5,723 patients 
treated for squamous cell carcinomas of the head and 
neck revealed that accelerated radiotherapy resulted in 
significantly better local tumour control than conven-
tional radiotherapy (Bourhis et al. 2006). Although 
cancer-specific and overall survival were only slightly 
improved, the local tumour control data strongly sup-
port the existence of a time factor. Similar findings are 
reported from randomized trials in lung cancer (Saun-
ders et al. 1997, 1999; Turrisi et al. 1999). In other 
tumour types, such as bladder cancer, no benefit from 
accelerated radiotherapy was observed (Horwich et al. 
2005). Today radiation oncologists are obliged to pre-
scribe OTT as well as dose and number of fractions. It 
has become the standard of care in curative radiother-
apy of tumour types with proven time factor to com-
pensate for unplanned treatment breaks, e.g. because of 
machine breakdown or holidays.

16.3   
Mechanisms Underlying the Time Factor

Repopulation of tumour stem cells during fractionated 
irradiation is considered to be the major underlying 
mechanism of increased treatment resistance with lon-
ger OTT. Mechanisms other than repopulation could 
theoretically contribute to or modulate the time factor 
(Table 16.1). However, systematic experiments did not 
reveal supportive evidence for alternative mechanisms 

 Clinical studies suggest that the concept of  •
dose-dense chemotherapy, e.g. 2-week cycles 
instead of 3-week cycles, is more successful in 
patients with lymphoma and breast cancer than 
in those with small cell lung cancer.
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of accelerated repopulation (Petersen et al. 2001, 2005; 
Zips et al. 2003). Each fraction of radiation inactivates 
a proportion of tumour stem cells, i.e. the population 
of tumour stem cells in a tumour is reduced (depopula-
tion). A complete depopulation of tumour stem cells is 
the aim of curative radiotherapy. The desired therapeu-
tic effect of depopulation is abrogated by the prolifera-
tion of surviving tumour stem cells during treatment. 
This process has been named repopulation. Assuming 
a linear relationship between tumour volume and the 
number of tumour stem cells in untreated tumours, 
the doubling time of tumour stem cells would be in 
the range of several weeks to months which could not 
explain the time factor observed in experimental and 
clinical studies. Findings from early experimental stud-
ies suggest that in some but not all tumour types the 
tumour stem cell doubling time after single-dose irra-
diation is shortened (Hermens and Barendsen 1969; 
Jung et al. 1990; Stephens et al. 1978), i.e. repopula-
tion apparently accelerates in some tumour types after 
radiotherapy. The concept of accelerated repopulation 
stimulated a number of experimental and clinical stud-
ies to explore the kinetics and underlying mechanisms 
of accelerated repopulation during fractionated radio-
therapy (Baumann et al. 2003).

16.4   
Mechanisms of Accelerated Repopulation

The effective cell doubling time (net doubling time) is 
determined by the rate of cell production and cell loss 
(Begg and Steel 2002). Therefore, accelerated repopu-
lation of tumour stem cells during radiotherapy could 
result from an increased production rate or reduced 

stem cell loss (Table 16.2). Methods to determine cell 
loss or cell production such as immunohistochemistry 
or flow cytometry are plagued by the fact that tumour 
stem cells are morphologically not distinguishable 
from non-tumour stem cells and represent only a very 
small fraction (about 1%) of all tumour cells (implica-
tions of the tumour stem cell concept for radiotherapy 
were recently reviewed in Baumann et al. 2008). Even 
major changes in the tumour stem cell compartment 
during acceleration of repopulation might be easily 
overlooked. Radiobiological methods (tumour control 
assay, excision assay) allow determination of tumour 
stem cell survival after irradiation in vivo (Baumann 
et al. 2008; Krause et al. 2006; Zips et al. 2005). Local 
tumour control data obtained from fractionated irradi-
ated experimental tumours have been used to estimate 
repopulation rates of tumour stem cells (Hessel et al. 
2003, 2004a, b; Petersen et al. 2001; Thames et al. 
1996). However, using local tumour control assays, it 
still remains challenging to dissect mechanisms un-
derlying accelerated repopulation of tumour stem cells. 
Therefore, data from local tumour control assays, stud-
ies into normal tissue response during fractionated ir-
radiation and non-stem cell assays (histology, flow cy-
tometry, etc.) were considered to hypothesize concepts 
of accelerated repopulation (Fowler 1991; Trott and 
Kummermehr 1991).

Table 16.1. Biological mechanisms other than repopulation which may result in an increase of radiation resistance of tumour 
stem cells during fractionated radiotherapy and thereby contribute to the time factor

Resistance factor Possible underlying radiobiological mechanisms

Increased tumour hypoxia Progressive destruction of the tumour vasculature by radiotherapy results in impaired 
oxygen supply and thereby in an increased radiobiological hypoxia

Selection of radioresistant 
clones

Subpopulations of radioresistant and rapidly proliferating clonogenic cells are selected 
during radiotherapy

Increased capacity to recover 
from sublethal damage

Clonogenic tumour cells adapt to the repeated radiation-induced damage/stress 
by an increased capacity to recover from sublethal damage

Accumulation in radioresistant 
phases of the cell cycle

During fractionated radiotherapy clonogenic cells stop to proliferate and are blocked 
at radioresistant phases of the cell cycle

Table 16.2. Determinants of production and loss of tumour 
stem cells

Cell production Cell loss

Growth fraction Probability of self-maintenance

Cell cycle time Necrotic/apoptotic cell death
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16.4.1   
Increased Cell Production Rate of Tumour 
Stem Cells During Fractionated Radiotherapy

Experimental and clinical data on normal epithelia sug-
gest that acceleration of stem cell divisions might con-
tribute to repopulation during fractionated irradiation 
(Dorr 1997). Modelling of cell kinetic data implies a 
shorting of the cell doubling time of surviving stem 
cells during fractionated irradiation from 3.5 to 1.4 days 
(Dorr and Kummermehr 1991). It has been speculated 
that in some tumours, e.g. well-differentiated squamous 
cell carcinomas, repopulation is reminiscent of the 
normal epithelium (Kummermehr et al. 1992; Trott 
and Kummermehr 1991). This seems to be supported 
by clinical data showing a more pronounced time fac-
tor of fractionated radiotherapy in well-differentiated 
primary tumours with high expression of epidermal 
growth factor receptor (EGFR, see below) than in less 
well differentiated primaries or lymph node metastases 
(Eriksen et al. 2004; Overgaard et al. 2003). Taking 
the experimental and clinical data together, it is concep-
tually possible that an increased production of tumour 
stem cells contributes to accelerated repopulation dur-
ing fractionated radiotherapy.

16.4.2   
Reduced Cell Loss of Tumour Stem Cells 
During Fractionated Radiotherapy

Applying the hierarchal structure of epithelial or hae-
mopoietic normal tissues to malignant tumours, after 
each tumour stem cell division, the progeny either re-
main in the stem cell compartment or differentiate into 
a non-stem cell (Kummermehr and Trott 1997). As 
malignant tumours grow and the number of tumour 
stem cells increases with tumour volume (Baumann 
et al. 1990; Kummermehr and Trott 1997; Suit et al. 
1965) the average probability for a tumour stem cell 
daughter to remain a tumour stem cell after cell divi-
sion (average probability of self-maintenance) is higher 
than 50%. Assuming a tumour stem cell fraction of 1%, 
model calculations suggest that the average probability 
of tumour stem cell self-maintenance is 51–65%, i.e. 
the average probability of cell loss would equal 35–49% 
(Kummermehr and Trott 1997). Based on data ob-
tained from normal epithelia (Dorr 1997) and from 
studies on tumour cell kinetics (Begg and Steel 2002) 
it has been proposed that during fractionated radiother-
apy the loss of tumour stem cells decreases and more 
cells remain in the stem cell compartment, which would 
result in accelerated repopulation (Fowler 1991; Kum-

mermehr et al. 1992; Trott and Kummermehr 1991). 
As an alternative mechanism of reduced cell loss, down-
regulation of radiation-induced apoptotic cell death has 
been suggested as an underlying mechanism of acceler-
ated repopulation (Thames et al. 1996).

16.4.3   
Tumour Microenvironment and Accelerated 
Repopulation of Tumour Stem Cells

The microenvironment of malignant tumours is char-
acterized by hypoxia, high interstitial fluid pressure, 
glucose and energy deprivation, high lactate levels and 
extracellular acidosis (Vaupel 2004). These hostile con-
ditions contribute to the high cell loss occurring spon-
taneously in tumours. Cell loss factors between 89% 
and 97% have been estimated for carcinomas (Begg 
and Steel 2002). Experimental and clinical data indi-
cate that tumours reoxygenate during fractionated irra-
diation (Horsman and Overgaard 2002). Based on 
these observations it has been hypothesized that reoxy-
genation during fractionated radiotherapy reduces cell 
loss and subsequently shortens the net doubling time 
of tumour stem cells (Fowler 1991). Experimental 
data support the hypothesis of a causative relationship 
between reoxygenation, cell loss and repopulation of 
tumour stem cells (Hessel et al. 2003, 2004a, b; Pe-
tersen et al. 2001, 2003; Speke and Hill 1995a, b). 
However, improved tumour microenvironment might 
also lead to a higher cell production rate.

16.4.4   
Molecular Regulation  
of Accelerated Repopulation

While changes in microenvironment appear to pas-
sively affect repopulation, it has been postulated that 
an active regulatory element is involved in triggering 
accelerated repopulation in tumours (Trott and Kum-
mermehr 1991). This view is supported by similar re-
population kinetics in squamous cell carcinomas and 
normal epithelium where reoxygenation is unlikely to 
contribute to accelerated repopulation. The molecular 
background of the hypothesized regulatory element has 
been explored in experimental and clinical studies. Sev-
eral studies indicate that signalling via EGFR appears to 
be involved in accelerated repopulation of tumour stem 
cells during fractionated radiotherapy (Bentzen et al. 
2005; Eriksen et al. 2004, 2005; Krause et al. 2005; 
Petersen et al. 2003; Schmidt-Ullrich et al. 1997; 
Zips et al. 2008). Activated EGFR signalling results in 
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multiple biological responses potentially relevant for 
accelerated repopulation, e.g. increased cell prolifera-
tion and reduced cell death by antiapoptotic signalling 
or by improved DNA repair (Baumann et al. 2007). 
However, EGFR expression and signalling might also 
be associated with the tumour microenvironment and 
reoxygenation during radiotherapy (Krause et al. 2005; 
Zips et al. 2008).

16.5  
Time Factor of Fractionated Radiotherapy 
Combined with Other Treatment Modalities

Curative radiotherapy is often given combined with 
chemotherapy, surgery and biological modifiers. Radio-
therapy after surgery is given to sterilize residual tumour 
stem cells. While it is clear that during the gap between 
surgery and start of radiotherapy the remaining tumour 
stem cells might repopulate, it remains controversial for 
example in patients with head and neck cancer whether 
accelerated postoperative radiotherapy improves lo-
coregional control (Ang et al. 2001; Awwad et al. 1992, 
2002; Sanguineti et al. 2005; Suwinski et al. 2008). 
Experimental data on repopulation rates of microscopic 
and macroscopic tumours suggest that in the postop-
erative situation the time factor of fractionated radio-
therapy might be less pronounced (Beck-Bornholdt 
et al. 1991; Raabe et al. 2000).

In a large variety of advanced carcinomas curative 
radiotherapy is combined with chemotherapy. Experi-
mental observations and some clinical studies indicate 
that chemotherapy as a single modality can induce ac-
celerated repopulation in tumours (reviewed in Davis 
and Tannock 2000; Kim and Tannock 2005). Induced 
repopulation by induction chemotherapy may possibly 
explain the inferior results of induction chemotherapy 
before radiotherapy compared with concurrent chemo-
radiation in patients with non-small cell lung cancer 
(Fournel et al. 2005; Furuse et al. 1999; Zatloukal 
et al. 2004).

The evidence of a time factor of concurrent chemo-
radiation remains a controversial issue. A randomized 
clinical trial in patients with limited disease small cell 
lung cancer (SCLC) treated with chemoradiation dem-
onstrated a significantly higher local tumour control 
when OTT was reduced from 33 to 19 days (Turrisi 
et al. 1999). A meta-analysis of four randomized clini-
cal trials in patients with limited disease SCLC revealed 
that OTT is the most important predictive factor for 
outcome after chemoradiation (De Ruysscher et al. 
2006). In contrast to the results of this meta-analysis, 

no impact of prolonged OTT on local tumour control 
rates after conventional fractionated chemoradiation 
for limited disease SCLC has been reported by others 
(Bogart et al. 2008). A time factor has been also hy-
pothesized for postoperative chemoradiation in rectal 
cancer (Fietkau et al. 2007). Comparison of results 
from randomized clinical trials in head and neck can-
cer given with and without prolonged OTT supports 
the evidence of a significant time factor of chemora-
diation (Budach et al. 2006). Experimental data on hu-
man squamous cell carcinoma indicates that concurrent 
chemotherapy inhibits tumour cell repopulation (Bu-
dach et al. 2002). Based on this observation it could be 
speculated that concurrent chemotherapy reduces the 
time factor of fractionated radiotherapy and thereby 
diminishes the benefit from accelerated radiotherapy. 
Taken together, most observations support the evidence 
of a time factor during chemoradiation. In contrast to 
radiotherapy alone, the underlying mechanisms of the 
time factor during chemoradiation are poorly under-
stood. The clinical benefit of accelerated radiotherapy 
compared with conventional radiotherapy in the con-
text of chemoradiation has been demonstrated in SCLC 
but requires further studies in other cancer types such 
as head and neck cancer.

Epidermal growth factor receptor inhibition in 
combination with fractionated radiotherapy in patients 
with head and neck cancer significantly improved lo-
coregional tumour control and survival (Bonner et al. 
2006). In experimental studies, inhibition of EGFR by 
monoclonal antibodies has been shown to inhibit ac-
celerated repopulation during fractionated irradiation 
(Krause et al. 2005). Results from a subgroup analysis 
of a randomized clinical trial suggest that radiotherapy 
with and without EGFR inhibition is more effective 
when radiotherapy was given within shorter OTT, i.e. 
as accelerated and hyperfractionated-accelerated radio-
therapy (Bonner et al. 2006). Although it is impossible 
to conclude on biological mechanisms of interaction 
from a subgroup analysis of a clinical trial, it appears 
that tumours treated with radiotherapy and EGFR in-
hibitor exhibit a time factor.

16.6   
Dose-Dense Chemotherapy

Increased dose density is achieved by reducing the inter-
val between each dose of chemotherapy. The cumulative 
drug dose remains constant, but the same amount of 
drug is administered over a shorter period. Mathemati-
cal models of tumour growth have provided the basis 
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for the clinical application of dose-dense chemotherapy 
(Norton 2005). The Norton-Simon model suggests 
that increasing the dose density of chemotherapy will 
increase efficacy by minimizing the opportunity for re-
growth of tumour cells between cycles of chemotherapy. 
In patients with breast cancer, Intergroup trial 9741, 
coordinated by the Cancer and Leukemia Group B 
(CALGB), tested the two hypotheses that dose-dense 
and sequential administration of chemotherapy regi-
mens incorporating doxorubicin, cyclophosphamide 
and paclitaxel would improve disease-free survival and 
overall survival. A statistically significant 4-year disease-
free survival advantage was detected for the two dose-
dense regimens compared with the regimens adminis-
tered every 3 weeks (Citron et al. 2003; McArthur 
and Hudis 2007; Orzano and Swain 2005). In patients 
with non-Hodgkin’s lymphoma, this concept has also 
been shown to improve the clinical outcome (reviewed 
in Broussais-Guillaumot and Coiffier 2007; Held 
et al. 2006), while disappointing results were reported 
from a trial that included 318 patients with better-prog-
nosis SCLC treated with ifosfamide, carboplatin and 
etoposide (Lorigan et al. 2005).

16.7   
Conclusion

Prolongation of overall treatment time has an adverse 
effect on outcome after fractionated radiotherapy. Ac-
celerated repopulation of tumour stem cells during 
therapy, as the most likely explanation of this so-called 
time factor, is an established mechanism of treatment 
resistance. Understanding the underlying mechanisms 
and molecular regulation of accelerated repopulation 
resulted in successful therapeutic interventions. How-
ever, further investigations into accelerated repopula-
tion in the context of combined treatments and into the 
clinical benefits of dose-dense chemotherapy without 
irradiation are necessary.
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K E Y  P O I n T S

 High-throughput technologies in genomics,  •
epigenomics, transcriptomics, proteomics, and 
metabolomics may detect specific variation 
patterns and help to optimize individual medi-
cal decisions.

 Transcriptomics and proteomics quantify a  •
large number of RNA and protein species, re-
spectively, by using quantitative hybridization 
onto chips (microarrays) or signature sequenc-
ing of RNA and two-dimensional electropho-
resis, mass spectrometry, or antibody array 
binding of proteins. 

 High-throughput analyses are subject to prob- •
lems of noise and multiple testing and involve 
the necessity to select reliable, informative, and 
biologically reasonable subsets.

 In the field of breast cancer, RNA expression  •
profiles have been derived that achieve simi-
lar sensitivity but are more specific than are 
conventional algorithms in predicting distant 
metastasis, that is, less error-prone in recom-
mending adjuvant systemic therapy. 

 Meta-analysis of different prognostic RNA sig- •
natures revealed that genes associated with cell 
proliferation provide the driving force in all of 
them.

 While proteomics potentially oversees a larger  •
space of expression variation than transcrip-
tomics, proteomic profiling beyond the testing 
of individual markers has not yet been trans-
ferred successfully to the field of breast cancer.
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Abstract

High-throughput technologies of modern biology 
provide “molecular portraits” of tissues and have en-
tered the field of oncology. In the present chapter, we 
describe tools of high-throughput expression analysis 
in transcriptomics and proteomics, with an emphasis 
on microarrays, two-dimensional electrophoresis, and 
mass spectrometry. Options and limitations in data 
production, extraction, and interpretation are outlined. 
Problems of sensitivity, specificity, multiple testing, and 
noise are discussed. As a concrete example, we review 
the application of these tools to the field of breast can-
cer, where expression analyses already contribute to in-
dividual treatment decisions.

17.1  
Introduction

Therapeutic algorithms in oncology depend on various 
clinical and pathologic parameters that provide informa-
tion about the risk of disease recurrence and likelihood 
of response to specific treatment options. However, the 
predictive power of these parameters is still limited. Ex-
pression profiling offers a possibility to further classify 
tumor subtypes; to improve the prediction of survival, 
disease recurrence, and efficiency of therapeutic regi-
men; and to recognize more precisely the necessity of 
systemic and aggressive treatment in individual patients 
(Fig 17.1). Beyond refined disease subtyping and indi-
vidualized treatment decision, it may provide molecular 
understanding of the disease and novel targets for ther-
apy. Expression profiling may thus become relevant in 

all sections of oncology. This includes radiation oncol-
ogy, e. g., the study of the radiation response of tumors 
and of normal tissues and the development of biomark-
ers that predict local disease control and toxicity after 
radiotherapy (Nuyten et al. 2006).

From a methodological point of view, expression 
profiling belongs to a group of new high-throughput 
technologies that provide molecular portraits of cells 
and tissues (Perou et al. 2000; Sotiriou and Piccart 
2007). Such portraits can include data on genomic indi-
viduality, i.e., on DNA polymorphisms, mutations, copy 
number variations (genomics), and epigenetic modifica-
tions (epigenomics), as well as genome-wide quantitative 
data on gene expression at a specific point in time and 
under specific environmental circumstances (Fig. 17.2). 
Expression may be assessed in terms of transcriptomics, 
proteomics, or metabolomics by quantifying a large, if 
not exhaustive set of transcripts, proteins, or metabo-
lites, respectively. RNA microarray expression studies 
look at responses on the transcript level. Thus, this me-
thodical approach does not portrait alternative splicing 
or co- and posttranslational modifications. Proteomics, 
which encompasses an analysis of protein populations 
encoded by single genes, may offer further information 
at that level.

In this chapter, we review molecular tools of expres-
sion profiling that can be assigned to the field of tran-
scriptomics and proteomics. We describe current tech-
niques applied in these two research fields and, as an 
example, discuss advances that have been made or can 
be expected by their application to the field of breast 
cancer, the most frequently diagnosed cancer in women 
in Western countries (Miller et al. 2006; Sotiriou 
and Piccart 2007).

Clinical

Individualized
diagnosis

Prognostic and
predictive factors

Decisionmakingalgorithm

PathologyImaging

Disease
subtyping

Prediction
of response

Prognosis

Conventional diagnosis

Molecular
profiling
- Genomics
- Epigenomics
- Transcriptomics
- Proteomics
- Metabolomics

Fig 17.1. Prospect of an individualized therapy in oncology 
by the use of molecular profiles. Therapy of malignant tumors 
depends on clinical and pathological data such as tumor 
size, lymph node invasion, and distant metastasis. However, 
patients with similar clinicopathological features may have 
markedly different outcomes. Both the response of the tumor 
and that of normal tissue may vary substantially. Molecular 
profiling offers a possibility to further classify tumor subtypes, 
to improve the prediction of individual patient outcome, and 
to select the optimal therapeutic regimen

A. M. Kaindl and K. Oexle300



17.2  
Transcriptomics

17.2.1  
Data Production

Several methods are available to monitor transcription 
levels of tens of thousands of genes rapidly and simulta-
neously. The quantification of RNA species by sequence-
specific annealing (hybridization) to complementary 
DNA probes arrayed on a substrate (microarray) was 
developed by Schena et al. (1995). Sample RNA was 
submitted to reverse transcription and fluorescent la-
beling. Thereby, a quantitative parameter was produced 
that could be measured as a localized signal after hy-
bridization to the arrayed sensors. Comparison by com-
petitive hybridization of two RNA samples labeled with 
two different dyes (Cy3 and Cy5) resulted in expression 
ratios of the two sources (e.g., of tumor and nontumor 
tissue). Whereas sensors were originally taken from li-
braries of DNA clones (cDNA), present-day microar-

ray technology prefers synthetic oligonucleotides, i.e., 
oligomers of single-stranded DNA. Oligonucleotides 
are designed in silico and can be synthesized in situ by a 
combinatorial sequence of photolithographic steps ap-
plied to the nascent microarray (Fig. 17.3; Pease et al. 
1994; Hardiman 2004). 

Array technologies rely on representational label-
ing of the source RNA with reverse transcription and 
production of labeled or tagged molecules. This process 
may be coupled with a PCR amplification step. Arrays 
of oligonucleotides involve either the two-label scheme 
that results in ratios between two samples or a single-la-
bel method that attributes intensities to the RNA targets 
of a single source. In the two-label scheme, labels may 
be exchanged (dye swap) in order to neutralize artifacts 
associated with one of the dyes. 

In most types of microarrays, the identity of a sen-
sor is specified by its location and referenced ex ante 
by its Cartesian coordinates (Fig. 17.4). Alternatively, 
a sensor’s identity may be referenced by an optical bar 
code or an address sequence. The array positions of the 
sensors may then be chosen randomly and identified 

Fig. 17.2. Different forms of “-omics”

Genomics addresses the set of all genes (the “ge-
nome”). The field includes the elucidation of the 
entire DNA sequence of various organisms and the 
mapping of phenotypes (that may reveal pleiotropic 
effects and epistatic interactions of gene loci). In med-
icine, genomics serves to attribute disease features to 
common or rare variants with weak or strong effects, 
respectively. Variants may involve single genes only, 
submicroscopic copy number changes of chromo-
somal domains, or visible rearrangements. Micro-
scopic analysis of chromosomes was the first form of 
genomics that achieved considerable relevance in all 
parts of genetics including tumor cytogenetics. 

Epigenomics is the study of heritable modifica-
tions (marks) other than those in the DNA sequence 
that regulate gene expression, silence the activity of 
transposable elements, and stabilize adjustments of 
gene dosage as seen in X-chromosome inactivation 
and genomic imprinting. Epigenomics encompasses 
two major modifications of DNA and chromatin: 
DNA methylation and posttranslational histone 
modification. 

Transcriptomics is the global study of gene ex-
pression at the RNA level. Generally, the transcrip-
tome implies the set of all messenger RNA (mRNA) 
molecules, or “transcripts”, produced in one or a 
population of cells. However, RNA-“omics” may also 
address the set of all microRNAs, transcripts that 
have regulative functions but are not translated into 
proteins. 

Proteomics is the study of the entire spectrum of 
proteins (including co- and posttranslational modifi-
cations) of a cell, a tissue, or an organism. 

Metabolomics is the study of the entire metabolic 
content of a cell, a tissue, or an organism addressing 
quantitatively the set of usually small molecules that 
are educts, intermediates, or products of metabolic 
pathways. 

lnteractomics is the study of interactions among 
proteins and other molecules within a cell by apply-
ing methods of biology, informatics, and engineer-
ing. 
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ex post (Steemers et al. 2000). This method is used in 
bead technology, which allows for further miniaturiza-
tion of the arrays.

Other methods of RNA monitoring exist that, in 
contrast to array techniques, are not based on quanti-
tative hybridization. In serial analysis of gene expres-
sion ([SAGE] Velculescu et al. 1995), RNA fragments 
derived from a sample to be analyzed are ligated and 

cloned in a vector, which is then sequenced. The num-
ber of stretches in the vector sequence that belong to 
the same RNA species indicates the concentration of 
this RNA in the original sample. In massively parallel 
signature sequencing (MPSS), the relative amount of 
each RNA species in a sample is determined by mass se-
quencing of reversely transcribed DNA and subsequent 
counting of identical sequencing data.

Fig. 17.3. Photolithographic in situ synthesis of an oligo-
nucleotide microarray (courtesy of Affymetrix, Santa Clara, 
California)

Fig. 17.4. Design and function of a microarray expression 
chip. DNA oligonucleotides act as sensors. Sensors of the same 
sequence reside at one location. The hybridization intensity at 
this location depends on the concentration of complementary 

RNA in the sample. Quantification is achieved by laser-induced 
fluorescence of the label (courtesy of Affymetrix, Santa Clara, 
California)
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17.2.2  
Data Extraction 

All methods of gene expression monitoring are subject 
to biological variability and experimental noise. Bio-
logical variability is due to endogenous, environmental, 
periodic, and stochastic causes. While factors such as 
daytime and feeding status may be controllable, others 
cannot be predicted. In the plant model Arabidopsis, for 
instance, touching has been shown to induce significant 
changes in gene expression (Chotikacharoensuk 
et al. 2006). In general, biological variability is reduced 
by randomization and replication. Replication of sam-
pling may be more important than repeating the exami-
nation of a sample (Breitling 2006). However, experi-
mental noise has to be controlled as well. This can be 
achieved by a variance stabilization procedure such as 
log-transformation (Fig. 17.5).

RNA arrays need to be normalized since the distri-
bution of the expression signal varies from array to ar-
ray. Most simply, each signal y of an array a is replaced 
by a z-score with z = (y – μa)/σa. Thereafter, all arrays 
have mean μ = 0 and variance σ2 = 1. Expression data of 
individual genes then can be compared across arrays. In 
many studies (e.g., Stranger et al. 2005), section-wise 
normalization (quantile normalization) is performed, 
as the signal distribution of an array may be affected by 
skewness or other distortions. The method is motivated 
by the idea that two data vectors have the same distribu-

tion if the quantile–quantile plot is a straight diagonal 
line. The extension from two to n dimensions (i.e., ar-
rays) is straightforward. Bolstad et al. (2003) provided 
a stepwise description of quantile normalization with 
standard spreadsheet software: 

Given 1. n arrays of p sensors (gene probes), form a 
spreadsheet X of dimension p × n, where each array 
is a column.
Sort each column of 2. X to give Xsort. 
Take the means across rows of 3. Xsort and assign this 
mean to each element in the row to get X*sort. 
Get 4. Xnormalized by rearranging each column of X*sort to 
have the same ordering as original X. 

After normalization, individual replicates are averaged 
for each probe resulting in an expression data for each 
gene in each individual. However, the results have to 
be regarded cautiously. Thus, for instance, the normal-
ized expression of the testis determining factor (SRY) in 
lymphoblastoid cells of the CEU and YRI parental Hap-
Map samples (March 2007 release, www.sanger.ac.uk/
humgen/genevar/) seems to be higher in women than 
in men (6.02 ± 0.05 versus 6.00 ± 0.07, p = 0.03, two-
sided t-test). Of course, this is an artifact revealing that 
normalized expression levels of 6.02 do not indicate sig-
nificant expression in this setting. For significance anal-
ysis of expression data, t-tests or rank products may be 
used (Breitling et al. 2004). The seeming significance 
of the above example highlights the problem of multiple 

Analysis of oligonucleotide-based microarray data 
revealed Poisson-like noise of gene expression data 
for a large range of expression levels (Tu et al. 2002). 
This noise was mainly related to the hybridization 
process. Poisson noise occurs in signals that come 
about by a sequence of independent probabilistic 
events (Poisson process). The variance of such sig-
nals, i.e., the average squared distance from the mean, 
equals the mean signal intensity, σ 2 = μ, and increases 
proportionally. Log-transformation of the data, y(x) 
= log(x), results in variance stabilization at higher 
expression levels. This is related to the property of 
the logarithm to compress distance with increasing 
number. Approximating y in the region surround-
ing μX by a Taylor expansion, y(x) ≈ log(μx) + log'(μx)
(x – μx) +..., with log'(μx) = 1/μx, yields a rough estimate 
μy ≈ log(μx) of the expectation (i.e., mean) of y if the 
zero-order approximation is used. The variance, i.e., 

the expectation of (y – μx)2 is then derived from the 
first-order approximation as σ 2y ≈ σ 2x /μ 2x. In the case 
of a Poisson process where σ 2x = μ x logarithmic trans-
formation thus results in a variance σ 2y ≈ l/exp(μy) 
that declines with increasing signal intensity. How-
ever, this “noise stabilization” is not effective at low 
expression levels. In the case of a Poisson process, for 
instance, the variance of the log-transformed signal 
becomes larger than the mean signal intensity μy if 
the latter is less than 0.57. Different methods of vari-
ance stabilization at low levels have been devised. As 
a most simple procedure started-log transformation 
has been recommended, i.e., y = log(x + b), which, in 
case of a Poisson process, implies an upper variance 
limit of about 1/(2b). Forgoing subtraction of the 
background from the raw signal may already have 
the desired effect of noise stabilization in the low ex-
pression range (BREITLING 2006).

Fig. 17.5. Variance stabilization
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testing that occurs in all epidemiological investigations 
that run a large number of parameters on the same set 
of probands. In a microarray study that measures the 
expression of 30,000 genes, about 1,500 spurious results 
are to be expected purely due to chance if the “usual” 
significance level of α = 1/20 = 0.05 is not corrected for 
multiple testing. 

The classical Bonferroni correction divides the sig-
nificance level acceptable for a single test (p < α) by the 
number n of the tests in the multiplex assay (pi < α/n). 
This correction is too conservative, however, and im-
plies an unnecessary decline of power. The Simes proce-
dure is less conservative. It controls the false discovery 
rate (FDR), i.e., the expected fraction of false-positive 
results among all positive results (BENJAMINI and 
HOCHBERG 1995). After listing the n tests in an ascend-
ing order according to their p-values, the position with 
the largest k is identified which satisfies pk/k < α/n and 
all tests up to this position are declared to be positive. 
Thus, the observed distribution of the p-values is taken 
into account. Multiple tests may be correlated; in case of 

negative correlations, the limit of the Simes procedure 
can be relaxed even more. Permutation, e.g., random 
redistribution of proband labels, is another powerful 
method to control the probability of false-positive re-
sults as given by the actual data distributions and test 
correlations. For that purpose, each unadjusted p-value 
of the multiplex assay is replaced by the fraction (i.e., 
relative frequency) of random permutations that, by 
chance, produced smaller minimal p-values (WESTFALL 
and YOUNG 1993). The necessary number of permuta-
tions depends on the smallest p-value to be adjusted 
and may thus imply considerable computation time.

17.2.3  
Data Interpretation

Results that are likely to be true positive still need to be 
interpreted (Breitling 2006; Sotiriou and Piccart 
2007). This is the expression-profiling step and involves 
dimensionality reduction of the large number of posi-

Fig. 17.6. Example of a heat map. Autosomal gene expression in lymphoblastoid cells of 
2 × 60 men and women of African (YRI) and European (CEU) origin as listed in the Hap-
Map gene variation project (log transformed and normalized across all samples; ftp.sanger.
ac.uk/pub/genevar). 98 RefSeq-annotated genes (right panel) revealed a sex-dependent dif-
ference at a significance level of p < 0.002. Their average expression ranged from 5.7 to 12.0, 
with 8 genes not surpassing the average SRY expression in females, indicating substantial 
artifacts (see text). The heat map shows z-scores, i.e., deviations from the mean in standard 
deviation (SD) units. Hierarchical clustering of the 98 genes (complete linkage, Genesis®; 
left panel) recapitulates the sex difference
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tive results. Profiling may be supervised, that is, directed 
by a known grouping of the samples (e.g., probands 
versus control). In a “leave-one-out” procedure, an opti-
mal set of genes may thus be selected that classifies cor-
rectly the largest number of left-out probands and con-
trols (Figs. 17.6, 17.7). In unsupervised profiling, that 
is, grouping of similar expression patterns in a dataset 
without using any outside information, cluster analysis 
is the standard method. Clustering demands a measure 
of distance such as the correlation coefficient, for in-
stance. Simple hierarchical clustering may proceed in 
an agglomerative way: Recursively, individuals and/or 
clusters with the smallest distance, i.e., highest correla-
tion of gene expression, are united into a new cluster 
until a top cluster is formed that contains all individu-
als. Vice versa, genes may be clustered according to the 
correlation of their expression across probands. The fol-
lowing pitfall frequently occurs if clustering is applied 
in supervised analyses: if an outcome-related selection 
of genes is spurious, then a claim of correlation between 
clusters and clinical outcome is also spurious if the clus-
tering is based on the expression of these genes (Dupuy 
and Simon 2007).

Knowledge-driven dimensionality reduction ac-
cording to the biological annotation of genes may be 

done before or after significance analysis, clustering, or 
classifier extraction. If it is done before, e.g., by focusing 
on a subset of genes only, it may help to uncover subtle 
effects that might remain insignificant otherwise. If it is 
done afterwards, e.g., by comparison with gene ontol-
ogy databases (Smith et al. 2007), it may help to rec-
ognize biological processes and to evaluate clusters or 
classifiers. Further conceptual integration may involve 
annealing with genome data and other “-omics” results, 
cross-species comparison, and network approach in 
terms of systems biology.

17.3  
Proteomics

In the following, we review basic principles of proteom-
ics as well as methods currently applied in this field and 
discuss the application of proteomic strategies in can-
cer research. The term proteome, a linguistic equivalent 
to the term genome, refers to the entire protein content 
encoded in the genome of a cell, a tissue, or an organ-
ism. In comparison to the genome that is believed to 
be similar in different cell types, the proteome of an or-

Fig. 17.7. Example of a predictive classifier. The autosomal genes shown in Fig. 17.6 were 
listed according to their significance level (blue triangles). Beginning with expression data 
(z-scores) of the two most significant genes a sex classifier (blue squares) was derived from 
the combined sample of 120 men and women (CEU-YRI) by a leave-one-out procedure: The 
gene expressions in each single individual were compared to the averages in the two groups 
of the remaining 59 or 60 men and women (Pearson coefficient of correlation between indi-
vidual and average gene expressions). If the correlation with the group of the same sex was 
superior, then the prediction was counted as correct. The classifier reached a plateau after 
the top 40–50 genes had been included. Classification based on male and female averages in 
the CEU-YRI sample also worked in a sample of 90 Asian men and women (CHN-JPN) with 
a maximal predictive power of 70% (brown squares), that is, well above random prediction. 
However, only for a small number of genes the sex difference was replicated in the Asian 
sample (brown triangles). Technical artifacts, ethnical confounders, and random effects in 
multiple testing schemes have to be considered
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ganism is a dynamic system that is constantly subject 
to changes. Protein composition changes from cell type 
to cell type, within subcellular compartments and be-
tween different stages of development and thus repre-
sents the functional status of a biological compartment 
(Fig. 17.8). Proteome research (proteomics) can be de-
fined as the large-scale characterization of proteins ex-
pressed by the genome. Unlike the study of a single pro-
tein or pathway, proteomic methods enable a systematic 
overview of expressed protein profiles. An advantage of 
proteomics over transcriptomics is the ability to study 
posttranslational modifications. There is limited value, 
for example, in measuring signal transduction pro-
cesses at the mRNA levels if they are characterized by 
protein phosphorylation or acetylation. Moreover, there 
are several genes with little correlation between RNA 
and protein expression levels.

Proteomics employs protein electrophoresis, mass 
spectrometry, and microarrays for the detection, iden-
tification, and characterization of proteins. These pro-
teomic tools have their own individual advantages and 
limitations affecting their ability to assess the protein 
profile. Currently, the identification and characteriza-
tion of all proteins in a given sample through high-reso-
lution two-dimensional gel electrophoresis (2-DE) and 
subsequent analysis with mass spectrometry (MS) are 
expensive and time-consuming and, thus, not yet ame-
nable to day-to-day use in the clinical setting. Routine 
approaches for obtaining protein data include enzyme-
linked immunosorbent assay (ELISA) and immuno-
histochemistry. MS techniques have matured rapidly 
in recent years, due to the invention of two ionization 
techniques, electrospray ionization (ESI) and matrix-
assisted laser desorption/ionization (MALDI). Protein 
arrays are being developed involving up to a few hun-
dred antibodies or based on surface enhanced laser des-
orption/ionization (SELDI) for a wider coverage of the 
proteome.

Protein profiles could ultimately improve the diag-
nosis, prognosis, and management of patients by indi-
cating protein markers of disease similar to the tumor 
markers already available (Healy et al. 2007), reveal-
ing the protein interactions affecting overall tumor 
progression, and identifying individual cancer pro-
files which are suitable for tailored chemotherapeutic 
strategies (Banks and Selby 2003; Alessandro et al. 
2005). 

In 2001, the Human Proteome Organization 
(HUPO) was launched. For information on interna-
tional collaborations and training courses in proteom-
ics, we refer to their webpage: http://www.hupo.org.

17.3.1  
2-DE

2-DE, first introduced independently by Klose (1975) 
and O’Farrell (1975), still represents the most power-
ful tool for separating complex protein mixtures when 
combined with staining procedures and mass spectrom-
etry (Fig. 17.8). The principle of 2-DE is to separate pro-
teins according to the two parameters isoelectric point 
(pI; pH value at which the net charge on a protein is 
zero) and molecular weight. For this, it combines iso-
electric focusing (IEF) in a polyacrylamide gel that has 
a pH gradient in the first dimension with a separation of 
proteins on a SDS polyacrylamide gel in the second di-
mension. After silver staining, protein spots in protein 
patterns of individual samples are compared among dif-
ferent 2-DE gels. The power of 2-DE lies in its high reso-
lution of up to 10,000 proteins per sample and its ability 
to detect simultaneously vast amounts of proteins and 
to visualize co- and posttranslational modifications. 
Thereby, for instance, disease-associated proteins can 
be elucidated through subtractive analyses comparing 
disease with control protein patterns. At the stage of 

Fig. 17.8. Possible fates of proteins in the cell. The proteome 
is not stable, as there is constant turnover of proteins with a 
changing dynamic that depends on environmental and devel-
opmental conditions
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subtractive analysis, the approach has the potential to 
unravel complex networks of protein interactions. In-
dividual stained protein spots can be digested into pep-
tides, which can be analyzed by mass spectrometry and 
subsequent protein database searches. However, 2-DE 
in its current form has a number of serious disadvan-
tages such as its lack of real high-throughput capability, 
for resolving hydrophobic and very low as well as very 
high molecular weight proteins.

Two-dimensional difference gel electrophoresis 
(DIGE) strengthened the 2-DE platform by allowing 
the detection and quantification of differences between 
three samples resolved on the same gel, or across multi-
ple gels, when linked by an internal standard (Fig. 17.9; 
Issaq and Veenstra 2007). Samples (and standard) 
are labeled separately and then mixed to allow resolu-
tion on a single gel. This minimizes experimental varia-
tion and improves spot matching. Differentiation and 
comparison of samples is possible since they are labeled 
with different dyes (limited lysine labeling with DIGE 
Fluor Cy2, Cy3, and Cy5). The standard, a pool of all 
the samples within an experiment, enables normalizing 
the relative abundance of each protein and comparing 
abundances across different gels and sets of more than 
three samples. Protein detection levels span the linear 

range of 0.125 ng to 10 µg. Image analysis with appro-
priate software allows for the identification of differ-
ences in protein abundance.

In classic 2-DE and DIGE approaches, highly al-
kaline and highly hydrophobic proteins are under-
represented since (1) in aqueous media, proteins have 
a minimum of solubility at their isoelectric point, may 
therefore precipitate there, and subsequently do not 
migrate into the SDS-PAGE gel; (2) hydrophobic pro-
teins generally do not transfer easily from the first to the 
second dimension; and (3) non-ionic and zwitterionic 
detergents commonly used for isoelectric focusing have 
a lower power of solubilizing membrane proteins than 
ionic detergents. To bypass these limitations of 2-DE 
in resolving hydrophobic proteins such as membrane 
proteins, an alternative technique, the two-dimen-
sional BAC/SDS-PAGE (2-DB), has been developed. 
Here, the first-dimension separation occurs according 
to molecular weight in an acidic discontinuous PAGE 
system (pH 4.0–1.5) using cationic benzyldimethyl-n-
hexadecylammonium chloride (BAC) as detergent and 
the second-dimension separation is performed using 
the anionic detergent SDS (Zahedi et al. 2005, 2007; 
Braun et al. 2007).

Fig. 17.9. Workflow for a standard two-dimensional differ-
ence gel electrophoresis (DIGE) experiment. After being la-
beling separately with different dyes, individual samples can 
be compared on a single gel. Thereby, experimental variation 
is reduced and spot matching is improved. Using an internal 
standard, i.e., a pool of all the samples within an experiment, 

each protein’s abundances in different samples can be normal-
ized and compared across different gels. Hence, the number of 
samples included in an experiment is not limited. Gels are im-
aged and analyzed quantitatively in order to identify protein 
differences among different samples (courtesy of GE Health-
care Life Sciences Little Chalfont, UK)
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17.3.2  
MS-Based Proteomics

MS has become an indispensable analytical tool of pro-
teomics (Sanz-Medel et al. 2008). Mass spectrometers 
measure the molecular mass of a sample through the 
following steps: 

A protein sample is enzymatically digested into its 1. 
constituent peptides. 
The peptides of a sample are introduced to the 2. 
ionization source of the instrument directly or are 
separated into a series of components, which then 
enter the mass spectrometer sequentially for indi-
vidual analysis. Such en route separation can be per-
formed, for example, through high-pressure liquid 
chromatography (HPLC).
Inside the ionization source, the sample molecules 3. 
are ionized by ESI or MALDI. 
The charged sample ions are accelerated into the 4. 
vacuum-maintained mass analyzer region of the 
mass spectrometer where they are separated ac-
cording to their mass (m) to charge (z) ratios (m/z). 
Mass analyzers currently available include quadru-
poles and time-of-flight (TOF) analyzers; they differ 
in the covered m/z range, their mass accuracy, and 
their resolution. 
Data on relative abundance and 5. m/z ratios of de-
tected ions are stored in the format of an m/z spec-
trum. 
The 6. m/z spectra are analyzed using protein data-
bases and enable protein identification.

Since proteomics began with 2-DE methodology, 
the application of MS has been driven by the qualita-
tive character of protein identification on a 2-DE gel. 
Indeed, MS techniques are very convenient for pro-
tein identification. However, their application to pro-
tein quantification is more complicated since there is 
no linear dependence between the concentrations of 
protein or peptides in a sample and the MS signals 
observed. While there are several promising gel-free 
MS-based approaches, presently available methods 
do not fulfill the increasing need for reliable methods 
of absolute quantification of proteins (Sanz-Medel 
et al. 2008).

17.3.3  
Protein Arrays

Protein microarrays use either multiple capture anti-
bodies dotted separately on a slide (forward microar-
rays) or multiple tissue/protein samples, again dotted 

and fixed together on single slides which then are 
stained with the different antibodies (reverse microar-
rays; Kopf and Zharhary 2007; Wingren and Bor-
rebaeck 2007). Whereas these methods can detect the 
presence of numerous proteins or the level of expres-
sion in multiple tissue samples in a high-throughput 
manner, the technique is still limited by the availability 
of specific and sensitive antibodies. The latter proved to 
be an issue, for instance, in case of known lung cancer 
markers such as the cytokeratins (Conrad et al. 2008). 
Antibody specificity must be validated by immuno-
blotting, and internal controls may be required if the 
antibodies do not bind predictably. Detection of low-
abundance proteins also remains a problem, as simple 
methods of multiple protein amplification, analogous 
to the polymerase chain reaction for DNA amplifica-
tion, are not available. Moreover, the capacity of protein 
arrays to detect co- and posttranslational modifications 
is limited.

17.4  
Expression Profiling in Breast Cancer

Expression analysis is applied in various medical fields. 
Here, we review some developments in the field of tran-
scriptomics and proteomics concerning breast cancer. 
With a lifetime risk of 13%, breast cancer is the most 
frequently diagnosed cancer in women of Western 
countries (Miller et al. 2006). In a minor fraction of 
cases, the tumor develops due to the constitutional mu-
tation of a breast cancer (BRCA) gene, whereas in gen-
eral the genetic basis of breast cancer is complex and 
not sufficiently understood. Therapy is based on more 
or less radical surgery combined with radiation and 
adjuvant systemic treatment (chemotherapy, receptor-
specific drugs). Adjuvant systemic therapy of patients 
with localized breast cancer reduces the risk of distant 
metastases by 30%, but 70–80% of these patients would 
survive without systemic therapy (van’t Veer et al. 
2002). Conventional clinical and pathological param-
eters such as age, menopausal status, tumor size, his-
tological grade, lymph node involvement, and status 
of estrogen receptor (ER) and ERBB2 receptor (Her-2/
neu) are used in algorithms such as Adjuvant!Online 
that prognosticate the course of the disease or provide 
recommendations for individual treatment decisions 
such as the St. Gallen criteria. However, the predictive 
power of these algorithms is limited. Expression pro-
filing produces additional predictive information and, 
possibly, new treatment options (Rouzier et al. 2005; 
Sotiriou and Piccart 2007).
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17.4.1  
RnA Analyses

RNA microarray data of breast tumors have been ana-
lyzed in supervised or unsupervised manner. Supervised 
methods use outside information about the experimen-
tal condition (e.g., cases with metastases versus cases 
without) to shape the derivation of a model from the 
dataset. Unsupervised methods use information con-
tained within the RNA data only and usually involve 
hierarchical clustering (see section on transcriptomics) 
to detect relationships among tumors, among genes, 
and connections between specific genes and specific 
tumors. 

In unsupervised analyses, breast tumors have been 
found to cluster in at least four groups with specific com-
posite expression profiles (Perou et al. 2000; Sotiriou 
and Piccart 2007): Three major types related to a 
specific receptor status, ER–/ERBB2–, ERBB2+, or ER+, 
with the last type being subdivided in two groups that 
showed high or low proliferation resembling the lu-
minal breast cancer subtypes A and B. Beyond this re-
production of the conventional histopathological clas-
sification, distinct expression patterns were found. In a 
subset of ER-negative tumors, for instance, a functional 
androgen receptor response was detected which even-
tually might serve as a novel therapeutic target (Doane 
et al. 2006).

Supervised analyses produce expression classifiers 
on a set of tumors for which the outcome is known al-
ready. The endpoint, i.e., the definition of what is con-
sidered as outcome (e.g., metastasis-free survival or 
response to a specific treatment) may vary from study 
to study. For evaluation, classifiers are applied to an 
independent set of tumors and compared to conven-
tional predictive algorithms such as Adjuvant!Online. 
van’t Veer et al. (2002) extracted a classifier from 
the expression data of 78 lymph-node negative breast 
cancer patients younger than 55 years of age, of whom 
44 remained free of distant metastases for at least 5 
years after diagnosis. By evidence of differential regu-
lation and of correlation with disease outcome, 231 of 
25,000 genes were selected. A leave-one-out procedure 
with the 78 samples then yielded an optimal classifier of 
70 genes, which had maximal predictive power. Subse-
quent evaluation showed that the classifier is effective 
both in lymph node-negative and lymph node-positive 
patients (van de Vijver et al. 2002). Comparison with 
conventional predictive algorithms showed that the 
70-genes signature (MammaPrint®) has similar sensi-
tivity (>90%) but is more specific, that is, less patients 
are classified erroneously into the high-risk group 
where they would receive adjuvant systemic therapy. 

Especially, patients in the ER-positive subgroup profit 
from this specification.

Recently, expression of SATB1 was found to have 
high prognostic value in both node-negative and node-
positive breast cancer patients (Han et al. 2008). SATB1 
is a nuclear protein that acts as a cell-type-specific ge-
nome organizer and gene regulator essential for T-cell 
differentiation and activation. In breast cancer, SATB1 
induces a metastatic gene expression pattern that cor-
relates significantly with the 231 genes selected by 
van’t Veer et al. (2002) (see above) and with expres-
sion signatures for lung and for bone metastasis (Han 
et al. 2008). However, the comparison of breast cancer 
classifiers among each other (including MammaPrint®, 
the Rotterdam signature, Oncotype DX®, and others) 
revealed little or no overlap although they have similar 
predictive values and carry similar prognostic informa-
tion (Wang et al. 2005; Fan et al. 2006; Sotiriou and 
Piccart 2007). There are several reasons for this dis-
parity. Methodical differences (microarray platforms, 
hybridization conditions, gene annotations, normaliza-
tion methods, profiling strategies) have been identified 
which now are addressed in the US Food and Drug Ad-
ministration (FDA)-launched microarray quality con-
trol (MAQC) project. Moreover, the different classifiers 
were not derived from the same patient sets. Most im-
portantly, however, sets of selected genes may vary sub-
stantially among studies since on the one hand, the ex-
pression levels of different genes are correlated and, on 
the other hand, statistical power of small study groups is 
limited. Thus, genes from the same pathway that carry 
similar biological information are likely to rank differ-
ently in different expression studies based on relatively 
small numbers of tumors (Dupuy and Simon 2007).

Supervised analyses may be developed bottom-up, 
that is, driven by a biological hypothesis and deriving 
an expression signature from a preselected subset of 
genes. Several subsets have been applied such as the 
wound-response signature, which was shown to be 
expressed in breast cancers of patients with markedly 
worse clinical outcome (Chang et al. 2004) or the 
gene-expression grade index (GGI), a signature of 97 
genes that consistently differed in expression between 
low- and high-grade breast cancers and which was 
used successfully to predict the clinical outcome in 
intermediate-grade tumors (Sotiriou et al. 2006).

A meta-analysis revealed that genes associated with 
cell proliferation provide the driving force in all previ-
ously reported prognostic signatures (Sotiriou and 
Piccart 2007). All of these classifiers provide useful 
information on the intrinsic properties of a tumor. 
However, tumor size and nodal status retain important 
prognostic information.
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Besides prognostic signatures, predictive classifiers 
have been developed. Both top-down and bottom-up 
supervised analyses have been performed in order to 
find classifiers that—beyond the determination of the 
ER- and ERBB2-receptor status—predict the response 
to a specific treatment. Thereby, predictors of anti-
estrogen treatment in patients with ER-positive tumors 
have been derived as well as classifiers that accurately 
predict the effect of chemotherapeutic agents that 
target specific pathways (Bild et al. 2006). Prediction 
of treatment response is complicated, however, by the 
heterogeneity and evolution of tumors, and by the 
individual biological properties of the host (Sotiriou 
and Piccart 2007). 

17.4.2  
Proteomics

Histological data, especially the receptor expression sta-
tus, represents the protein level. Therefore, in a general 
sense, proteomics already has been taken successfully to 
the clinics of breast cancer. As yet, however, proteom-
ics in the sense of multiprotein pattern analysis by 2-DE 
and MS has not (Harris et al. 2007). Proteomics is 
hampered by the heterogeneity of tissue biopsies, vari-
ability in time and space, and small volumes in focused 
sampling procedures such as microdissection or nipple 
aspiration. While some of these are shared with tran-
scriptomics, proteomics lacks a PCR-like amplification 
method (Hondermarck et al. 2008). Of course, multi-
protein analyses also encounter the multitesting prob-
lem, which might result in the generation of spurious 
results. 

Thus, proteomics contributes to the understanding 
of factors in breast cancer biology such as the chaperone 
14-3-3, which is involved in the control of proliferation 
and differentiation, the ubiquitinating activity of BRCA1, 
and the downstream effects of ERBB2 or tumor growth 
factor (TGF)β receptor activation, and may eventually 
reveal new therapeutic targets (Hondermarck et al. 
2008). As of 2007, however, the clinical use of proteomic 
pattern analysis is not reliable enough and has not been 
recommended (Harris et al. 2007). Classifiers such as 
a 21-protein-signature of metastasis-free survival de-
rived from unsupervised protein expression profiling 
(Jacquemier et al. 2005) still require confirmation in 
larger and well-designed prospective studies.
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K E Y  P O I n T S

 Cancer gene therapy is based on the principle  •
of altering a tumor cell genetically to improve 
cancer treatment. This strategy works because 
the tumor cells can be made to express a new 
gene, for example, from bacteria that other 
cells in the body do not express, that would 
render them susceptible to a drug or other 
treatment. In the years to come this technology 
is expected to make significant impact on how 
cancer patients are being treated.
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Abstract

Cancer gene therapy is a relatively new modality that 
might ultimately revolutionize oncology. The basic prin-
ciple is to alter the tumor genetically to enhance more 
traditional chemo- and radiation therapy schema. The 
last decade has seen tremendous progress and develop-
ment of new technologies in the areas of vector delivery, 
tumor targeting, and numerous clever ways to increase 
tumor killing, including early attempts to modulate 
tumor gene expression by RNA interference. In recent 
years, attempts to image affected cells have also been 
part of these efforts. Many studies have proceeded to 
the preclinical stage and a fair number to early clinical 
testing with some showing encouraging results. How-
ever, real impact on patient survival remains to be seen. 
One major problem still to be overcome is the quantita-
tive delivery of the vector into the tumor mass. The next 
decade is expected to resolve many of these technical is-
sues and improve the treatment of patients. This chapter 
will discuss new technologies and provide a brief over-
view of the field.



18.1  
Introduction

The last decade has seen tremendous growth of stud-
ies attempting to take gene therapy of cancer into the 
clinical arena. The major objective is to introduce ge-
netic material into cancer cells with the intent of sensi-
tizing them to chemo- and radiation therapy. A number 
of strategies have now reached phases I and II clinical 
trials, with some showing promise. In addition, using 
molecular tools and engineering, a major thrust in the 
field is to image affected cancer cells and their fate dur-
ing therapy, for example by positron emission tomogra-
phy (PET) or magnetic resonance imaging (MRI). Oc-
casionally, this can be achieved by the conversion of an 
image probe by the therapeutic protein itself resulting 
in an imageable feature and sometimes a co-expressed 
protein can accomplish this. This chapter reviews the 
status of the cancer gene therapy field, with focus on 
new technology and directions, existing problems, and 
highlights and discusses areas with gene therapy appli-
cations in radiation therapy and imaging. 

18.2  
Vectors

The vector is the vehicle that carries the DNA into the 
cells (Valerie 1999). One overriding technical diffi-

culty shared by all gene therapy vectors is the relative 
inefficient delivery of DNA into the tumor. All tumor 
cells need to be affected or the cancer would recur. Vi-
rus vectors including adenovirus (ADV), adeno-associ-
ated virus (AAV), and retrovirus (RV) have traditionally 
been the vectors of choice for introducing genetic ma-
terial (e.g., suppressor genes, dominant-negative genes, 
and “suicide genes”) into cancer cells to make them 
more sensitive to chemo- and radiation therapy. Viruses 
have evolved highly effective mechanisms for infect-
ing cells, on which has been capitalized. However, each 
vector has its pros and cons (Table 18.1). By molecular 
engineering, these viruses have been altered to accom-
modate the therapeutic gene and at the same time allow 
for efficient growth and safe handling. 

A significant problem using viral vectors for cancer 
gene therapy are production and quality control issues, 
safety, and cost associated with obtaining clinical grade 
preparations suitable for human use. In terms of the 
efficiency of delivery, ADV remains the most effective 
viral vector because of the ability to obtain high titers 
and higher multiplicities of infection ([MOI] i.e., virus 
per cell ratio) than other viral vectors, and the relative 
ease by which large quantities of virus can be isolated 
and purified (Table 18.1). Retrovirus, and more recently 
lentivirus (LV), remain promising vectors. However, 
whereas ADV is not typically integrated into the ge-
nome of infected cells, both RV and LV integrate and 
potentially could be a safety concern due to the possibil-
ity that a critical cellular gene is inactivated by insertion 
of the virus. Because of these advantageous properties, 

Table 18.1. Vector properties

Vector(s) Pros Cons

ADV Efficient gene transfer
Infects nonreplicating cells
High titers
Transient expression
Large gene capacity

Lack of cell type specificity

AAV Single, site-specific integration
Relatively small gene capacity

Difficult to purify

RV, LV Efficient gene transfer
Relatively small gene capacity
Infects nonreplicating cells (LV)

Risk of insertional mutagenesis
Relatively low titer and expression
Cumbersome to purify for clinical use

Lipid–DNA Unlimited gene capacity
Excellent scale-up capability

Relatively poor in vivo gene transfer

Nanoparticles Unlimited gene capacity
Excellent scale-up capability
Imageable
Cell targeting

Relatively poor in vivo gene transfer
Complicated preparation
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ADV is considered a more suitable vector for cancer 
therapy than RV and LV. However, the efficient delivery 
of viruses into the tumor is still a major problem despite 
viruses’ ability of infecting cells in culture at high lev-
els. The effective delivery of virus or by any other means 
(physical or chemical) within the tumor bed remains a 
major technical hurdle (Freytag et al. 2004). Penetra-
tion of ADV within tissue rarely exceeds a volume larger 
than a cubic centimeter (Barton et al. 2007), thus lim-
iting potential success only to small tumors. 

AAV has also been considered as a vector for cancer 
therapy (Li et al. 2005b). However, even though AAV 
supposedly is integrating at a specific chromosomal site, 
potentially avoiding mutagenesis, production issues 
and relatively low expression levels of therapeutic genes 
from AAV vectors are shared with RV and LV (Table 
18.1).

Some studies have attempted direct injection of 
DNA into tumors, either alone or in complex with lip-
ids. Introducing DNA or RNA directly into the tumor 
limits immune responses sometimes elicited when viral 
preparations are administered. However, the efficiency 
of lipid–DNA to enter cells in a tumor remains a prob-
lem, as does the relatively nonspecific cellular uptake of 
lipid–DNA complexes. Attempts to incorporate mol-
ecules in the lipid bilayer that bind to cell surface re-
ceptor to improve cell specificity have been investigated, 
but the differential effects seen in vitro are not generally 
duplicated in vivo. Along the same line and more re-
cently, nanoparticles has also been considered as vector 
for delivering therapeutic genes. An added benefit with 
nanoparticles is that they can also be imaged (Nie et al. 
2007).

18.2.1  
ADV and AAV

Adenovirus is a relatively large DNA virus that infects a 
variety of epithelial and endothelial cells expressing the 
Coxsackie-adenovirus receptor and the integrin recep-
tor (VALERIE 1999). Relatively large therapeutic genes 
can be transferred by ADV. First-generation viruses can 
harbor DNA inserts of more than 3-kb whereas “gutted” 
ADV is able to harbor up to 34-kb of DNA (Ng and 
Graham 2002; Ng et al. 2002). This ability of ADV in 
addition to the relative ease by which the virus is propa-
gated and purified in large quantities has made ADV 
an attractive vector choice for cancer gene therapy. In 
terms of targeting therapeutic ADVs to specific cells, a 
number of clever approaches have been devised includ-
ing altering the viral penton protein necessary for infec-
tion to alter the propensity of infection to cancer cells 

over normal cells (Glasgow et al. 2006). Engineered 
ADV vectors remain the most biologically efficient and 
cost-effective viral cancer gene therapy vector.

AAV is a relatively small DNA virus that integrates at 
a specific chromosomal site on chromosome 19, infects 
both dividing and nondividing cells, transduces a broad 
range of tissues in vivo, and initiates long-term gene ex-
pression in these tissues (Li et al. 2005b). Furthermore, 
wild-type AAV does not cause any known disease and 
does not stimulate a cell-mediated immune response. In 
order for AAV to propagate, it requires a helper virus 
such as ADV. The relatively small genome size of 4.7-kb 
only allows smaller therapeutic genes to be transferred. 
Similar to ADV, attempts to change the cell tropism for 
AAV infection have been successful in vitro, but these 
approaches have not yet been fully tested in vivo. Thus, 
AAV is similar to RV and LV in its properties as gene 
therapy vector but may not be as significant mutagen-
esis threat as are these other two viruses (Table 18.1). 

18.2.2  
RV and LV

An engineered mouse leukemia retrovirus was the first 
viral vector developed for cancer gene therapy (Culver 
et al. 1992). The retroviruses stably integrate randomly 
into the genome of infected cells, and thus would be a 
potential safety issue. Another major shortcoming of 
the RV as vector for cancer gene therapy is the relatively 
low expression levels compared with adenovirus. The 
typical LV used for gene therapy is a human retrovirus 
derived from human immunodeficiency virus (HIV-1) 
that is highly efficient in infecting cells. In contrast to 
the mouse retrovirus, human LV infects nondividing 
cells in addition to dividing cells, which makes this vec-
tor very attractive for somatic cell gene therapy and in 
vitro work. However, for cancer gene therapy, LV may 
not be advantageous since it infects indiscriminately, 
whereas RV only infects dividing cancer cells. RV and 
LV vectors have some very attractive features but are 
not ideal for human cancer gene therapy.

18.2.3  
Lipids and nanoparticles

The discovery that positively charged lipids could be 
used to introduce DNA into cells in vitro opened up the 
possibility of using lipid–DNA complexes for direct in-
tratumoral injection. Lipid–DNA complexes efficiently 
transfect cells in vitro. However, the low yield of cellular 
uptake in vivo remains a problem. With the advent of 
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using synthesized anti-sense oligonucleotides and RNA 
interference (see below) for manipulating gene expres-
sion, lipid vectors are probably the most promising vec-
tor in the long run, since viral vectors will most likely 
continue to have production and safety issues that have 
to be adequately addressed resulting in very high pro-
duction costs. Entirely manmade DNA/RNA and lipids 
needed for human use would provide excellent scale-
up capabilities, quality control, and increased safety, 
similar to the manufacturing of small molecule cancer 
drugs. However, the efficiency and specificity of lipids 
to deliver DNA into the tumor need improvement. 
Nanoparticles made of chemically synthesized, highly 
structured macromolecules able to entrap a drug, thera-
peutic DNA or RNA, and/or agents that can be imaged 
show enormous future potential (Nie et al. 2007). Com-
pletely synthetic nanoparticle vectors and DNA or RNA 
for gene therapy is likely the way of the future.

18.3  
Strategies and Targets 
for Cancer Sensitization

Most cancer gene therapy studies have up until now used 
viral vectors, in particular ADV, to deliver the therapeu-
tic DNA into the tumor cells. Many clever ways have 
been devised, and numerous cellular processes have 
been explored as targets for enhancing killing of cancer 
cells in vitro, for example by increasing apoptosis, and 
many times these strategies have also shown efficacy in 
animal tumor models. Herein, only the most significant 
studies and concepts will be discussed. 

To improve the transmission and spread of ADV 
within the tumor and design a “magic bullet” for can-
cer cells, the oncolytic ONYX-015 ADV was developed 
(Bischoff et al. 1996). The basic idea is for this ADV 
to replicate only in cancer cells but not in normal cells, 
due to a mutation in a specific viral gene, E1B, that ren-
ders ADV replication dependent on mutant or abnor-
mal p53, a condition found in about half of all cancers. 
When ONYX-015 infects a p53 mutant cancer cell, it 
subsequently lyses or breaks open the cell and releases 
new ADV available for infection of additional cancer 
cells, thus the name oncolytic. The tumor suppressor 
p53 was initially believed to make the decision whether 
replication occurred or not—mutant p53 allowed the 
oncolytic virus to replicate whereas wild type did not. 
Since normal somatic cells express wild-type p53 they 
would not allow the ADV to replicate and thus would 
be spared. However, it turns out that other p53-related 
processes and modulators of cell cycle checkpoints in-

cluding p14arf/p16InK4a may also play important roles 
in whether the oncolytic ADV replicates or not. Nev-
ertheless, oncolytic ADV showed some positive initial 
clinical results, but it is not a magic bullet for cancer. 
However, the oncolytic virus concept remains a highly 
attractive strategy for cancer therapy in general since it 
would seek out cancer cells and destroy them, whereas 
normal cells would be left unharmed (Alemany 2007).

Additional permutations on the original oncolytic 
virus idea have been proposed and tested using a vari-
ety of different viruses. Some also include a therapeutic 
gene such as a tumor suppressor or suicide gene (see 
below) to produce a potential multi-prong therapeutic 
effect. 

18.3.1  
RnA Interference

RNA interference (RNAi) is a highly conserved mecha-
nism by which small, nonprotein-coding RNA molecules 
interfere with, or modulate, gene expression. Although 
RNAi represents just one function of a variety of small 
noncoding RNA molecules, it has received the most at-
tention largely because of its utility as a basic research 
tool to silence the expression of specific genes (Zamore 
and Haley 2005). Moreover, because of its potency and 
high specificity, RNAi has now emerged as a promising 
new therapeutic strategy to reduce or eliminate gene ex-
pression in animals. Indeed, RNAi is already undergo-
ing human clinical trials, including pioneering work for 
treating macular degeneration and respiratory syncytial 
viral infection (Bumcrot et al. 2006).

RNAi is catalyzed by RNA molecules approximately 
22 nucleotides in length that can originate from both 
exogenous and endogenous sources (Kim 2005) (Fig. 
18.1). The incredible specificity inherent in RNAi is de-
rived from its basic mechanism of action, whereby the 
small interfering RNA (siRNA) molecule hybridizes 
specifically with its cognate messenger RNA, resulting 
in degradation of the mRNA. This endogenous silenc-
ing mechanism, found in all multicellular organisms, 
can be exploited to achieve silencing of specific genes by 
introduction of synthetic siRNA molecules predesigned 
to hybridize to target genes (Fig. 18.1). These siRNA 
molecules also hold significant promise for gene ther-
apy approaches. (For a recent review of siRNA biogen-
esis and the mechanism of inhibition by RNAi, see Liu 
et al. 2008). In addition to extracellularly introduced 
siRNA, there exists another class of small RNA mol-
ecules, termed micro-RNA (miRNA), which is encoded 
by the genome of an organism. miRNA represent the 
most abundant class of naturally occurring small RNAs 
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but differ from siRNA in their origins. Unlike siRNA, 
miRNA is initially transcribed as part of a much lon-
ger primary transcript and then processed to liberate 
a hairpin precursor of ~65 nucleotides in the nucleus 
(Liu et al. 2008). This precursor is then exported to the 
cytoplasm where it is processed by the enzyme Dicer 
to produce a ~22-bp RNA duplex. Thus, at this point, 
miRNA and siRNA is similar and both enter a com-
mon pathway in which one strand of the RNA duplex 
becomes incorporated into a protein complex known as 
RISC (for RNA-induced silencing complex). The func-
tion of RISC is to guide the interaction between the 
siRNA or miRNA and the mRNA and catalyze either 
the degradation of the mRNA or inhibit its translation 
(Fig. 18.1) (Hutvagner and Simard 2008).

Once the basic mechanism of RNAi was uncovered, 
it was clear that siRNA could be introduced into cells 
to silence the expression of specific genes. Indeed, syn-
thetic siRNA is now commercially available to silence 
most human genes. Another strategy is the manipu-
lation of miRNA to alter gene expression. It has been 
estimated that the human genome encodes hundreds 
of forms of miRNA, which regulate the expression of a 
large number of protein-coding genes (for review, see 
Ambros 2004). Indeed, miRNA has been found to con-
trol a wide range of biological processes, including de-
velopment, metabolism, cell growth, cell death, and cell 
fate determination (Ambros 2004), and altered expres-
sion of miRNA has been associated with human diseases 
including cancer (Hammond 2006). One strategy to in-
hibit the function of miRNA is the use of antagomirs, 
which hybridize to miRNA and prevent its incorpora-
tion into RISC (Mattes et al. 2007) (Fig. 18.1). Using 

this strategy, it is possible to increase the expression of 
specific genes (Mattes et al. 2007).

RNAi potentially has several major advantages com-
pared with traditional therapeutics. First, siRNA can be 
designed to target genes with unparalleled specificity. 
Second, all proteins can be inhibited, including proteins 
that are not amenable for traditional drug inhibition 
such as structural proteins, etc. As a result, an increas-
ing number of proof-of-principle studies have been 
conducted delivering siRNA to mice. Examples include 
systemic administration of siRNA in mouse models 
of hypercholesterolemia and rheumatoid arthritis (for 
a recent review, see Bumcrot et al. 2006). Along the 
same line, short hairpin RNA (shRNA) expressed from 
viral vectors such as RV or LV has been shown to inhibit 
specific gene expression, providing a more stable inhi-
bition of gene expression than transiently transfected 
siRNA. siRNA delivered systemically to animals is de-
graded rapidly (Kim and Rossi 2007), making it more 
feasible to deliver siRNA with the help of a vector, e.g., 
lipids or nanoparticles.

The success of animal studies has now fueled the ap-
plication of RNAi for use in primates and humans for 
the testing of treating various diseases (Dykxhoorn 
and Lieberman 2006). For example, it was shown that 
local delivery of siRNA to the lung was able to protect 
primates from the severe acute respiratory syndrome 
(SARS) coronavirus (Li et al. 2005a). Furthermore, hu-
man studies have shown that the delivery of uncom-
plexed, naked siRNA had success in the treatment of 
various human diseases (Dykxhoorn and Lieber-
man 2006). Survivin, telomerase, MDR1, and other 
genes critically involved in cancer growth and regula-
tion, have been targeted by siRNA in vitro and in vivo 
with encouraging results (Martin and Caplen 2007; 
Putral et al. 2006). 

Altogether, significant progress has been made in 
applying RNAi as a therapeutic strategy in a relatively 
short period since its initial discovery. Undoubtedly, the 
biggest challenge for successful application of RNAi-
based therapy remains in its delivery like for all other 
approaches. However, a variety of strategies are be-
ing explored to address this problem (Kim and Rossi 
2007), and it is clear that the potential of RNAi-based 
technology for the treatment of cancer and other hu-
man diseases has yet to be fully achieved.

18.3.2  
Suppressor Genes

The introduction of a tumor suppressor gene into a 
cancer cell slows down growth and results in a more 
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Fig. 18.1a–c. Mechanisms of RNAi. a synthetic siRNA, 
b shRNA-expressing viruses, and c antagomirs are externally 
introduced to inhibit the action of endogenous miRNA 
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manageable cancer or at least that is the underlying 
hypothesis. The suppressor gene is not likely affect-
ing normal cells since most types of cells in the body 
are already growth suppressed. One of the first tumor 
suppressors that was considered for gene therapy was 
the p53 gene (Roth 2006). The introduction of the 
p53 tumor suppressor gene into tumor cells results in 
a complete halt of proliferation and increases apopto-
sis. However, clinical trials have been disappointing, 
primarily because of insufficient administration of vi-
rus into the tumor (Roth 2006). A number of different 
permutations of the p53 approach have been attempted 
but in general, these strategies have not been success-
ful primarily because of the underlying problem of poor 
penetration of the vector into the tumor bed (Terno-
voi et al. 2006). Expression of other tumor suppressor 
genes such as retinoblastoma, and PTEN as therapeutic 
proteins, aimed at slowing tumor growth have not been 
pursued to clinical trials mainly because of similar rea-
sons as why p53 has not moved forward. On the other 
hand, significant advances have been made with mela-
noma differentiation-associated gene-7 (MDA-7/IL-24) 
perhaps due to this molecule’s multitude of attractive 
properties such as being a tumor suppressor and show-
ing bystander effects that are specific for cancer cells 
(Fisher 2005; Inoue et al. 2006). In addition, cancer 
cells expressing MDA-7/IL-24 are also sensitized to 
chemo- and radiation therapy (Fisher 2005). A phase I 
trial in patients with solid tumors showed both clinical 
and biological effects (Cunningham et al. 2005; Tong 
et al. 2005), suggesting that MDA-7/IL-24 might be an 
excellent therapeutic molecule that might benefit pa-
tients with cancer. 

18.3.3  
Suicide Genes

The suicide gene concept is based on the expression of 
a heterologous gene coding for an enzyme that converts 
an inactive prodrug to an active drug that by itself or 
in combination with radiation results in increased cell 
kill (Valerie 1999). Ideally and for maximum effect, 
the suicide gene should not exist in the target cells. The 
first suicide gene was the herpes simplex thymidine ki-
nase (HSV-TK) gene used in combination with the anti-
herpes drug ganciclovir (Culver et al. 1994). The im-
proved utilization of acyclovir, a drug currently used for 
treating herpes-associated encephalitis in children, with 
mutant HSV-TK (Rosenberg et al. 2002; Valerie et al. 
2001), and bacterial and yeast cytosine deaminase with 
5-fluorocytosine (Kievit et al. 1999; Trinh et al. 1995), 
have also been shown in animal models to be effective 

radiosensitizers. An added benefit of the suicide gene–
prodrug concept is the fact that the active, toxic drug 
spreads to adjacent tumor cells by gap junctions or by 
cellular release that increases the toxicity to surround-
ing cells and improves the therapeutic effect about 10-
fold. A number of phases I and II clinical studies have 
been conducted with suicide gene approaches. Focus 
here will be on those that combine the suicide gene con-
cept with radiation therapy (see below).

18.3.4  
Immunomodulatory Genes

To enhance tumor toxicity by using the cells own de-
fense system, expression of various cytokines and other 
immunomodulatory proteins have been investigated 
as potential strategies for radiosensitization when ex-
pressed from various vectors. As with other combined 
modalities, the combinations of cytokine gene therapy 
with radiation or chemotherapy have shown some 
promise in clinical settings. The most advanced stud-
ies are those based on tumor necrosis factor-α (TNF-α) 
in combination with radiation (Kufe and Weichsel-
baum 2003). TNF-α has potent antitumor and anti-
angiogenesis activities that synergize with radiation 
therapy. TNFerade™ was developed as an ADV that ex-
pressed TNF-α under control of a radiation-inducible 
promoter that limits toxicities to the irradiated area, 
which is not the case with the direct injection of TNF-α 
into the tumor. 

Others studies have combined radiation ther-
apy with IL-3 immunotherapy in preclinical models 
(Chiang et al. 2000; Tsai et al. 2006). However, these 
studies and similar involving other immunotherapy-
based approaches in combination with radiotherapy 
have not moved forward to clinical trials.

18.4  
Clinical Applications Related 
to Radiotherapy and Imaging

The number of clinical trials aimed at determining the 
safety and/or efficacy of cancer gene therapy continue 
to grow. The discussion herein is limited to trials that 
focus on treatments combined with radiation therapy. 
TNFerade™ is an adenovirus expressing the cytokine 
TNF-α under control of a radiation-induced promoter 
(Mundt et al. 2004). A phase I trial with TNFerade™ has 
been completed for metastatic solid tumors (Senzer et 
al. 2004). The treatment was well tolerated, with only 
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minor toxicities with doses as high as 4 × 1011 particle 
units (PU) corresponding to approximately 1- to 2 × 1010 
infectious units (IU). Controlled prospective clinical 
trials have been initiated with patients with locally ad-
vanced pancreatic cancer to better define the therapeu-
tic contribution of TNFerade™ (Chang et al. 2008).

 Several phases I/II trials using a multiprong ap-
proach combining two suicide gene–prodrug ap-
proaches (CD+5-FC and HSV-TK+GCV) with the 
ONYX-015 conditionally replicating ADV and image-
guided radiation therapy (IMRT) have been conducted, 
including one for patients with intermediate to high-risk 
prostate cancer that was recently completed (Freytag 
et al. 2007b). There were no dose-limiting toxicities or 
treatment-related serious adverse events in this trial. 
Relative to a previous trial using a first-generation ADV, 
there was no increase in hematologic, hepatic, gastroin-
testinal, or genitourinary toxicities. Posttreatment pros-
tate biopsies yielded provocative preliminary results. 
When the results were categorized by prognostic risk, 
most of the treatment effect was observed in the inter-
mediate-risk group, with 0 of 12 patients being positive 
for cancer at their last biopsy.

An improved ADV vector expressing yeast CD and 
mutant HSV-TK for better utilization of the prodrugs 
in an oncolytic ADV backbone were combined with co-
expression of the ADV death protein (facilitates cell lysis 
and improves ADV spread) in a preclinical pancreatic 
cancer animal model. Because a substrate for HSV-TK 
labeled with [18F], 9-(4-[18F]-fluoro-3-hydroxy-methyl-
butyl)guanine (18F-FHBG), can be used as a probe for 
PET, infected tumor cells can be imaged (Freytag et 
al. 2007a). ADV was readily detected in the pancreas 
but not in other tissues, suggesting that this ADV can 
be combined with radiotherapy of the pancreas without 
resulting in excessive systemic toxicity. Currently, this 
novel ADV is undergoing a phase I trial in patients with 
pancreatic cancer. Other studies have tested the feasi-
bility of using 8-[18F]fluoroganciclovir (FGCV) as probe 
for imaging HSV-TK-expressing cells and tissues in 
preclinical animal models using microPET with similar 
positive results (Lu et al. 2006). 

Most times the therapeutic protein itself is not im-
ageable. In this case, a second protein needs to be ex-
pressed that can be imaged, ideally with clinically suit-
able imaging technologies such as PET or MRI. The 
vector for such studies is usually limited to ADV or any 
other viral vector able to harbor larger DNA inserts. 
One example of this strategy is using the same double 
suicide gene prodrug with conditionally replicating 
ADV as mentioned above and co-expressing the human 
iodide symporter (hNIS) gene as a reporter for single-
photon emission computed tomography (SPECT) (Sid-

diqui et al. 2007). hNIS will sequester the probe sodium 
pertechnetate (Na99mTcO4) to affected tissues, in this 
case the prostate (SIDDIQUI et al. 2007). Na99mTcO4 is 
an US Food and Drug Administration (FDA)-approved 
diagnostic imaging probe. It was found that SPECT im-
ages were readily detected up to 4 days after administer-
ing the ADV. Currently, such ADV is undergoing clini-
cal testing. The ability to image the expression of the 
therapeutic gene increases the information gained from 
clinical trials tremendously. In the future, more, novel 
ways of imaging tumors by PET, MRI, or other clinically 
utilized imaging technologies of patients undergoing 
gene therapy, will likely continue to facilitate the assess-
ment of vector penetration and treatment efficacy.

18.5  
Conclusion

The idea of using cancer gene therapy to improve chemo- 
and radiotherapy was initially very exciting. Promising 
results were generated in various animal tumor models. 
However, clinical trials have so far shown little to no im-
pact on patient survival, with a range of different types 
of cancers. Almost 20 years later, the field is still trying 
to deal with technical issues. Regardless of therapeutic 
strategy, the efficient delivery of therapeutic DNA or 
RNA into tumors needs to improve. RNAi-based strate-
gies look very promising and so does the nanoparticles 
because of this vector’s added benefit of being able to 
image the targeted cells and tissues. It is very likely that 
many of these technical hurdles will be overcome in the 
future, resulting in improved clinical outcome. In addi-
tion, more insights into the unique properties of cancer 
cells will continue to open up new targeting opportuni-
ties and move the field forward.
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K E Y  P O I n T S

 While tumor grading might influence, for ex- •
ample, the need for postoperative radiotherapy, 
current data do not suggest a clear impact on 
local tumor control probability. 

 Local tumor control probability decreases with  •
increasing tumor volume, which is caused by 
the increase of the number of cancer stem cells 
with tumor volume.

 Other stem-cell-related parameters, such as  •
cancer stem-cell density or intrinsic radiosen-
sitivity, are currently not known for individual 
tumors; thus, predictive assays that could tailor 
the prescribed dose to the individual patient 
are not yet a clinical tool.

 Repair capacity substantially impacts radiosen- •
sitivity. As this parameter can also substantially 
vary within one tumor entity, research into 
predictive assays for repair capacity of individ-
ual tumors may contribute to further improve-
ment of tumor control rates.

 Repopulation of cancer stem cells during frac- •
tionated radiotherapy is among the most im-
portant mechanisms of radioresistance of tu-
mors.

 In addition to the intertumoral heterogeneity,  •
strong evidence has accumulated that parame-
ters of the tumor micromilieu that affect radio-
sensitivity may also be heterogeneously distrib-
uted within the individual tumor (intratumoral 
heterogeneity).
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19.1  
Introduction

Cure of cancer is defined as locoregional tumor control 
without distant metastases and without life-threatening 
treatment complications. Radiotherapy is one of the 
main cancer treatment modalities. As a local treatment, 
its aim is to achieve locoregional tumor control by in-
activation of all cancer stem cells within the primary 
tumor and regional lymph nodes. Treatment effects on 
local tumor control are therefore the focus of this chap-
ter; however, also potential indirect effects on the risk of 
distant metastases are briefly considered.

It is well recognized that the probability to perma-
nently control tumors increases as a sigmoid function 
with increasing radiation dose. Below a threshold, the 
dose is not sufficient to inactivate all cancer stem cells 
in a tumor, i.e. all tumors recur. After this threshold, 
tumor control increases with increasing radiation dose, 
approaching 100% at high doses.

Even if some data suggest a higher metastatic po-
tential of tumors during radiotherapy, successful ra-
diotherapy is an effective way to stop metastasis at the 
source, thereby importantly contributing to overall sur-
vival of the patient.

Inclusion of biological parameters of the individual 
tumors is anticipated to further improve the results of 
radiotherapy by tailoring dose and treatment schedule, 
by combining radiotherapy with modern drugs, and by 
taking into account intratumoral heterogeneity based 
on biological imaging.

19.2  
Inactivation of Cancer Stem Cells  
and Local Tumor Control

A cancer stem cell is defined as a cell within a tumor 
that possesses the capacity to self renew and to generate 
the heterogeneous lineages of cancer cells that comprise 
the tumor (Clarke et al. 2006). In the context of radio-
therapy a cancer stem cell is defined as a cell that, if not 
killed by radiation, forms a tumor recurrence (Bau-
mann et al. 2008, in press). Curative radiotherapy there-
fore aims at inactivation of all cancer stem cells in the 
primary tumor and locoregional lymph nodes. It is well 
recognized that the probability to permanently control 
tumors (tumor control probability, TCP) increases as a 
sigmoid function with increasing radiation dose. Below 
a threshold, the dose is never sufficient to inactivate all 
cancer stem cells in a tumor, i.e. all tumors recur. After 

this threshold, tumor control increases relatively steeply 
with increasing radiation dose, approaching 100% at 
high doses. From the dose−response curves descriptors 
of their relative position, such as the radiation dose nec-
essary to control 50% of the tumors (tumor control dose 
50%, TCD50), can be easily derived. The sigmoid shape 
of the dose−response relationship for local control re-
flects the exponential inactivation of cancer stem cells 
by radiation and a Poisson distribution of surviving 
cancer stem cells (Munro and Gilbert 1961; Suit et al. 
1987; Bentzen and Tucker 1997; Bentzen 2002; Bau-
mann and Petersen 2005; Baumann et al. 2005). 

For determination of the outcome of preclinical 
as well as clinical studies on radiation, it is important 
to discriminate local tumor control from volume-de-
pendent endpoints such as tumor regression or tumor 
growth delay. Those cells which may form a recurrence 
after therapy, i.e. cancer stem cells, constitute only a 
small proportion of all cancer cells, whereas the bulk of 
tumor cells are non-tumorigenic (Baumann et al. 2008, 
in press); thus, changes in tumor volume after therapy 
are governed by the bulk of tumor cells, i.e. primarily 
by the non-stem cells. As outlined above, local tumor 
control is dependent on the complete inactivation of 
the subpopulation of cancer stem cells (Baumann et al. 
2008). For a variety of reasons, including time and cost, 
volume-dependent endpoints are currently widely used 
for preclinical studies in cancer research. This carries a 
substantial risk that new treatments may be optimized 
for their effect on the bulk of non-stem cancer cells, with 
no improvement in the curative potential (Baumann 
et al. 2008). This has been demonstrated in several ex-
periments which showed effects of novel combined 
radiation treatments on growth delay, but for the same 
treatment, not on the local tumor control (reviewed 
in Krause et al. 2006; Baumann et al. 2008). Overall, 
these experiments support the use of cancer-stem-cell-
specific endpoints to test the effect of new treatment 
schedules or the predictive value of biological param-
eters in preclinical and clinical radiation oncology.

19.3  
Heterogeneity Between Tumors  
and Steepness of Dose−Response Curves

A widely used method to quantify the steepness of 
dose−response relationships for local tumor control 
is the normalized dose−response gradient, or γ value 
(Brahme 1984; Bentzen and Tucker 1997). This value 
defines the percentage of increase in response for a 
1% increase in dose at a specified response level in the 
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steep part of the dose−response curve, e.g. 50% (γ50). 
It is important to note that dose−response curves for 
tumor control in experiments, and particularly in the 
clinical setting, are usually shallower than those cal-
culated using biostatistical modelling. This is caused 
by heterogeneity in biological characteristics of the 
tumors. Figure 19.1 shows as an example the results of 
an experiment on nine different human head and neck 
squamous cell carcinomas (SCC) in nude mice. All tu-
mors were irradiated at the same size with an identical 
fractionation schedule, i.e. 30 fractions within 6 weeks. 
Despite that all tumors are of the same entity, the dose 
relationships differ substantially in position and steep-
ness. Four tumor lines are relatively sensitive with 
TCD50 values of 40−50 Gy. Two tumor lines exhibit in-
termediate resistance, whereas three lines, with TCD50 
values of 90−130 Gy, are exquisitely radioresistant. The 
bold curve represents the composite dose−response 
relationship of all nine tumor lines. It is considerably 
less steep than most of the underlying dose−response 
relationships of the individual tumor models. The com-
posite dose−response curve is close to the current clini-
cal situation if strictly size-matched tumors of the same 
histology and origin (e.g. head and neck SCC) in differ-
ent patients are evaluated. The reason for the relatively 
flat composite dose−response curve is that biological 
characteristics important for local tumor control, e.g. 
cancer-stem-cell, density or intrinsic radiosensitiv-
ity, are currently not known for the individual tumor. 
If we knew the biological parameters, which impact 

the dose−response for individual tumors from predic-
tive assays, with sufficient certainty, we could tailor the 
prescribed dose to the individual patient. For example, 
if we knew that a tumor in a given patient falls under 
the four sensitive tumor lines shown in Fig. 19.1, we 
could limit the radiation dose without jeopardizing lo-
cal tumor control, thereby sparing normal tissues. If, in 
contrast, a given tumor falls under the three resistant 
lines, one would need to consider dose escalation, com-
bination with radiosensitizing drugs, combination with 
surgery or LET beams if we want to achieve local con-
trol. The current status of determination of biological 
parameters to predict local tumor control is discussed 
in Sect. 19.5.

19.4  
Heterogeneity Within Individual Tumors  
and Its Potential Importance for Optimizing 
Radiation Dose Distributions

In addition to differences of the overall radiosensitivity 
between different tumors (intertumoral heterogeneity), 
strong evidence has accumulated that biological param-
eters which affect radiosensitivity may also be hetero-
geneously distributed within the individual tumor (in-
tratumoral heterogeneity). Figure 19.2 shows examples 
of heterogenous distribution of hypoxic tumor volumes 
detected by functional histology using the hypoxia 
marker pimonidazole (Fig. 19.2a) or by autoradiogra-
phy using the hypoxia-specific tracer 18F-misonidazole 
(Fig. 19.2b) in an experimental SCC. Such intratumoral 
heterogeneity can also be detected by histology or func-
tional imaging in patients. As an example, Fig. 19.2c 
shows a PET-CT after injection of 18-Fluordeoxyglucose 
or 18-F-misonidazole in a patient suffering from head 
and neck SCC. Knowledge of the spatial distribution of 
radioresistant vs radiosensitive tumor subvolumes, in 
principle, may be the basis for individualized, biologi-
cally adapted heterogeneous radiation dose distribution 
(“dose painting”) to improve local tumor control (Ling 
et al. 2000; Bentzen 2005; Baumann 2006). Of inter-
est in this context are recent reports that cancer stem 
cells may not be generally distributed evenly over the 
tumor but may accumulate preferentially in so-called 
microenvironmental niches (Gilbertson and Rich 
2007). These niches cannot yet be detected by imaging 
methods; however, it appears promising to explore the 
possibility of development of stem-cell-specific imaging 
modalities for development of irradiation techniques 
that allow inhomogeneous dose distributions adapted 
to both, inhomogeneous stem-cell density and inho-

Fig. 19.1. Impact of heterogeneity in biological characteristics 
of tumors on dose–response for local tumor control probabil-
ity (TCP). Nine different human head and neck squamous cell 
carcinomas in nude mice were irradiated at the same size with 
30 fractions in 6 weeks. Despite that all tumors are of the same 
entity, the dose relationships differ substantially in position 
and steepness. The bold curve represents the composite dose–
response relationship of all nine tumor lines
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mogeneous distribution of microenvironment-driven 
radiosensitive and radioresistant tumor subvolumes.

19.5  
Important Biological Parameters  
that Impact Local Tumor Control

19.5.1  
Histology and Grading

It is well recognized that tumors of different histology, 
e.g. seminoma vs glioblastoma, are characterized by dif-
ferent radiosensitivity. Because of its strong predictive 
power, categorization of tumors by histology has been a 
major basis for dose prescription for already a century 
now (Beck-Bornholdt 1993). For a given histology, 
the importance of grading for local tumor control is 
more complex to judge. Poor differentiation has gener-
ally been associated with poor prognosis, but this ap-

pears more related to stage at diagnosis and to the rate 
of metastases than to the chance to locally control the 
tumor by radiation. Local subclinical extension of tu-
mors is generally less in well-differentiated tumors than 
in poorly differentiated or undifferentiated tumors; 
therefore, grading is an important parameter to pre-
scribe postoperative radiotherapy and to design mar-
gins in several tumor entities, e.g. soft tissue sarcoma, 
glioma, head and neck and endometrial carcinoma. The 
impact of grading on radiosensitivity of size-matched 
tumors of the same entity is less clear. It is often sus-
pected that well-differentiated tumors are more radiore-
sistant than undifferentiated tumors of the same histol-
ogy (Bergonie and Tribondeau 1959). While such a 
correlation has been observed in some clinical series, it 
is overall not well supported by clinical outcome data 
(Stuschke et al. 1993). As others before (Fletcher 
1980, 1988), the authors of the present chapter suspect 
that the idea that well-differentiated tumors are radiore-
sistant, historically originates from the experiments 
performed by Bergonie and Tribondeau on rat testis. 

Fig. 19.2a–c. Heterogenous distribution of hypoxic tumor subvolumes detected by functional histology 
(pimonidazole; a) or by autoradiography (18F-misonidazole; b) in an experimental squamous cell carci-
noma. Similar heterogeneity is regularly observed in patient tumors. c Heterogeneous distribution of the 
PET hypoxia marker 18F-misonidazole in comparison with the CT volume of the tumor

b

a

c
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These experiments showed that irradiation destroyed 
germinal cells, whereas the interstitial tissue and sertoli 
syncytium remained unimpaired. They concluded that 
irradiation is more effective in cells that have a greater 
reproductive activity (Bergonie and Tribondeau 1959). 
Experimental investigations in vitro revealed that the 
dose necessary to eradicate tumor cell spheroids was 
higher in undifferentiated than in differentiated tumor 
lines, whereas the capacity to recover from sublethal 
radiation damage during fractionated irradiation was 
higher in better differentiated tumor lines (Stuschke 
et al. 1993). Another factor that may have contributed to 
the idea of radioresistance of well-differentiated tumors 
is that there is a correlation between speed of tumor 
growth and velocity of tumor regression (Fletcher 
1980, 1988). This may lead to faster tumor regression in 
undifferentiated tumors and to the impression of higher 
radiosensitivity, which may vanish when permanent 
local tumor control is investigated; however, there is 
some suggestion that, as a reminder of their epithelial 
tissue of origin, well-differentiated head and neck SCCs 
may have a higher capacity for repopulation of cancer 
stem cells as a consequence of radiation injury (see 
Chap. 15). This would indeed lead to higher radioresis-
tance of such tumors, but only after long fractionation 
schedules and not after accelerated treatments or sin-
gle-dose stereotactic irradiation. In contrast, in prostate 
cancer, based on the results of randomized trials, higher 
doses are applied for intermediate-risk tumors than for 
low-risk tumors. Gleason score, as a measure of differ-
entiation, is one of the parameters that determines the 
risk category (Jereczek-Fossa and Orecchia 2007). 
Overall, no general conclusion can currently be drawn 
regarding the impact of grading on local tumor control 
probability after radiotherapy. The often-heard state-
ment that, based on examination of histological speci-
mens, a tumor, because of good differentiation, would 
not be radiosensitive, should not be accepted by today’s 
radiation oncologists. Better biological parameters for 
prediction are urgently needed.

19.5.2  
Tumor Volume

It is the general experience of radiation oncologists that 
large tumors are more difficult to control by radiother-
apy than small tumors. On the one hand, this is due to 
the often very large volumes of normal tissues irradi-
ated to high doses, which can be dose- (and therefore 
success-) limiting in large tumors. On the other hand, 
the number of cancer stem cells increases with increas-
ing tumor volume, leading to a higher radiation dose 

necessary for local tumor control (see sect. 19.2). A 
strong correlation between tumor control dose and the 
logarithm of tumor volume has been demonstrated in 
experimental tumor models as well as in clinical studies 
(Baumann et al. 1990a; Johnson et al. 1995; Bentzen 
and Thames 1996; Dubben et al. 1998). Exactly this 
correlation is predicted by an expected linear increase 
of the number of cancer stem cells with tumor volume 
and radiobiological models of stem-cell inactivation 
(Suit et al. 1965; Baumann et al. 1990a; Johnson et al. 
1995; Bentzen and Thames 1996; Kummermehr and 
Trott 1997; Dubben et al. 1998).

19.5.3  
Stem-Cell Density

It has been demonstrated in preclinical experiments 
that the number of cancer cells which need to be trans-
planted to achieve a tumor take in half of the recipient 
animals (tumor dose 50%, TD50) may vary by several 
logarithms between different tumor models (Hill and 
Milas 1989). The TD50 is a direct measure of stem-cell 
density in a given tumor (Hill and Milas 1989; Bau-
mann et al. 1990a, in press). Experiments which show 
that the TCD50 after single doses correlates with the 
logarithm of TD50, implying that a higher stem-cell 
content per volume tumor leads to a higher radioresis-
tance, are of great importance (Hill and Milas 1989). 
Recently published data on experimental SCC extend 
these studies and show a significant correlation of 
TCD50 after single doses with TCD50 after irradiation 
with 30 fractions over 6 weeks. These data suggest that 
pretreatment tumor stem-cell density and cellular ra-
diosensitivity are major predictors of local control after 
clinically relevant radiation treatment.

19.5.4  
Intrinsic Radiosensitivity

The above-mentioned experiments showing that 
TCD50 after fractionated irradiation correlates closely 
with TCD50 after single doses indicate that the number 
of cancer stem cells to be inactivated and their intrin-
sic radiosensitivity are major determinants of radiore-
sistance of a given tumor. This is further supported by 
other experiments, which showed that only the com-
bination of stem-cell density determined by TD50 and 
their intrinsic radiosensitivity significantly predict tu-
mor radiocurability (Gerweck et al. 1994). Intrinsic 
radiosensitivity has widely been described by the SF2, 
i.e. the surviving fraction of tumor cells in vitro after 
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irradiation with 2 Gy, a dose often used in the clinic. 
SF2 measures clonogenic survival, defined as colony 
formation under idealized growth conditions in vitro. 
It is noteworthy that the five to six cell divisions neces-
sary for colony formation (usually defined as >50 cells) 
do not necessarily measure cancer stem cells, as these 
are defined as being able to form a complete tumor (see 
above). Re-evaluation of SF2 values for different tu-
mor cell lines has shown that those histologies, which 
are expected to be radioresistant in the clinic, have, on 
average, higher SF2 values compared with more radio-
sensitive tumors (Malaise et al. 1986). Correlation of 
SF2 with survival or local tumor control in individual 
patients in some cases supported the importance of 
intrinsic radiosensitivity of clonogenic tumor cells for 
outcome of radiotherapy (Ramsay et al. 1992; Girinsky 
et al. 1994; West et al. 1997); however, numerous other 
data sets did not confirm such a correlation (Brock 
et al. 1990; Allalunis-Turner et al. 1992; Taghian 
et al. 1993; Eschwege et al. 1997; Stausbol-Gron and 
Overgaard 1999). Underlying reasons for these con-
tradictory results include most likely that current clo-
nogenic ex-vivo assays do not necessarily measure the 
radiosensitivity of cancer stem cells or yield different 
results because of differences between in-vivo and in-
vitro microenvironmental conditions, including differ-
ences in cell−cell and cell−stroma interactions.

19.5.5  
Apoptosis vs Other Cell-Death Mechanisms

Cells can die in several ways (Okada and Mak 2004; 
Brown and Attardi 2005), i.e. by apoptosis, mitotic 
catastrophe, senescence, necrosis and autophagy. Mi-
totic catastrophe caused by lethal chromosome damage 
is the most important cell-death mechanism for the ef-
fect of radiotherapy of solid tumors. After irradiation, 
cells can pass through few mitotic cycles before mis-
segregation of chromosomes or cell fusion leads to the 
loss of the replicative potential of cells. While apoptosis 
has obtained much interest as a cell-death mechanism 
in neoplastic disease, it appears not to be the main 
mechanism of radiation-induced cell death, at least not 
in solid tumors. Apoptotic index or levels of proteins in-
volved in apoptosis (e.g. p53, Bcl-2) are not predictive 
of the response of solid tumors to radiotherapy (Brown 
and Wouters 1999; Brown and Wilson 2003; Brown 
and Attardi 2005). For example, the significantly de-
creased apoptotic fraction in Bcl-2 overexpressing cells 
after irradiation did not change clonogenic cell survival 
(Wouters et al. 1999). Thus far, no distinct radiation-
dependent pathway for cellular necrosis has been de-

scribed; however, it is has been shown in a variety of 
studies that tumors after radiotherapy or radiochemo-
therapy often show massive necrosis, which sometimes 
correlates with improved prognosis (Thomas et al. 
1999; Vecchio et al. 2005; Dincbas et al. 2005). It can 
be speculated that this radiation-induced necrosis is 
the consequence of cell death by mitotic catastrophe in 
combination with effects of irradiation on the tumor 
microenvironment.

19.5.6  
Repair Capacity and Fractionation Sensitivity

Both, tumors and normal tissues, repair the vast major-
ity of radiation-induced DNA damage within hours af-
ter induction. Remaining, i.e. non- or falsely repaired, 
double-strand breaks are presently considered to be the 
most important mechanism for radiation-induced cell 
kill (Frankenberg-Schwager 1989; Iliakis 1991; 
Dikomey et al. 2003; Kasten-Pisula et al. 2005). Ra-
diosensitivity of individual tumors might be predictable 
by evaluation of DNA repair-related proteins. Currently 
among the best investigated proteins is phosphorylated 
histone H2AX (γH2AX). Phosphorylation of H2AX oc-
curs in response to DNA double-strand breaks, e.g. in-
duced by irradiation. Foci formation of γH2AX around 
the double-strand breaks can be visualized microscopi-
cally after antibody labelling and correlates with the 
repair kinetics of DNA double-strand breaks. Recent 
preclinical data suggest a predictive value of residual 
γH2AX foci measured 24 h after irradiation with the in-
dividual radiosensitivity (Klokov et al. 2006) as well as 
a correlation with tumor hypoxia (Bristow et al. 2007). 
The capacity to repair sublethal damage between irra-
diation fractions can be expressed by the α/β value of 
different tumors. Generally, α/β values of many tumors 
are in the range of early-responding normal tissues or 
higher (Williams et al. 1985), whereas late-responding 
normal tissues usually have low α/β values, i.e. a better 
repair capacity (van der Kogel 2002). This differential 
has been the basis for successful clinical introduction 
of hyperfractionated irradiation schedules, particularly 
in head and neck SCC (Bourhis et al. 2006); however, 
there are important exceptions, and some tumor entities 
appear to be characterized by significantly low α/β values 
in the range of late-responding normal tissues or even 
lower. Thus far, this has been clinically best investigated 
for breast cancer by several randomized clinical trials; 
however, also for prostate cancer, low-grade soft tissue 
sarcoma, melanoma and possibly other tumors low α/β 
values are suspected from clinical data (Thames and 
Suit 1986; Brenner and Hall 1999; Stuschke and 
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Thames 1999; Williams et al. 2007; Bentzen et al. 
2008a,b). For tumors with lower α/β values compared 
with the surrounding normal tissues, hypofractionation 
may be a viable option to improve the therapeutic ra-
tio of radiotherapy, particularly as hypofractionation 
may also be a convenient way to accelerate the treat-
ment, thereby counteracting repopulation (see below). 
Adaptation of the dose per fraction currently is limited 
to tumor entities and cannot be tailored to tumors in 
individual patients. As it is known that the repair capac-
ity can also substantially vary within one tumor entity 
(Williams et al. 1985; Petersen et al. 1998), research 
into predictive assays for repair capacity of individual 
tumors may contribute to further improvement of tu-
mor control rates.

19.5.7  
Repopulation

Repopulation of cancer stem cells during fractionated 
radiotherapy is among the most important mechanisms 
of radioresistance of tumors. Repopulation has been 
best demonstrated for head and neck SCC where a host 
of preclinical and randomized clinical studies are avail-
able. Repopulation is extensively reviewed in Chap. 15. 
Because of its importance, and the recognized heteroge-
neity between different tumors (Petersen et al. 2001; 
Hessel et al. 2004a,b), intense efforts have been made 
to develop predictive assays for repopulation, which 
may be used to select patients for accelerated fraction-
ation schedules. While initial studies on the potential 
doubling time of tumor cells, studied by flow cytom-
etry after BrdU or IrdU labelling, showed promise, a 
large multicentre study did not reveal a predictive value 
for local tumor control or survival after radiotherapy 
(Begg et al. 1999). As outlined above, several studies 
in head and neck SCC suggest more pronounced re-
population in better-differentiated tumors. Also expres-
sion of the epidermal growth factor receptor (EGFR) 
might correlate with repopulation of cancer stem cells 
(Schmidt-Ullrich et al. 1997; Petersen et al. 2003; 
Eriksen et al. 2004a,b, 2005a,b; Bentzen et al. 2005; 
Krause et al. 2005; Baumann et al. 2007). In addition, 
TP53 mutations might predict local tumor control after 
accelerated radiotherapy in head and neck cancer (Al-
sner et al. 2001; Eriksen et al. 2005). As a large num-
ber of factors are involved in response of tumors to ra-
diotherapy, it is likely that multiparametric approaches 
will better predict response to specific treatment sched-
ules. While several studies were published on prognos-
tic implications of molecular marker profiles (e.g. van’t 
Veer et al. 2002; Seigneuric et al. 2007), studies on 

the predictive value for radiotherapy are limited thus 
far; however, using the candidate-gene approach, which 
concentrates on genes or proteins that are known to be 
involved in tumor (or normal tissue) response, promis-
ing results for potential prediction of the response to ac-
celerated radiotherapy schedules could be shown in two 
studies (Buffa et al. 2004; Eriksen et al. 2004).

19.5.8  
Hypoxia and Other Factors  
of the Tumor Micromilieu

The chaotic vasculature of malignant tumors causes a 
heterogeneous oxygenation with well-oxygenated areas, 
hypoxic vital tumor regions and necrotic areas (Vau-
pel et al. 1989; Vaupel 2004). As hypoxic cancer stem 
cells are known to be more radioresistant, a number of 
studies tested the predictive value of tumor oxygenation 
on local tumor control after radiotherapy. Using pola-
graphic needle electrodes to measure pO2, the prognos-
tic value of tumor hypoxia on local tumor control, and 
also on distant metastases, has been demonstrated for 
different tumor entities (Hockel and Vaupel 2001). 
In the largest study performed to date, a multicentric 
analysis of almost 400 patients with head and neck car-
cinoma, better oxygenation was prognostic for survival 
(Nordsmark et al. 2005). Preclinical data show that 
tumor hypoxia measured in histological sections of 
untreated tumors after injection of the hypoxia marker 
pimonidazole significantly correlates with local tumor 
control after fractionated irradiation (Yaromina et al. 
2006). Also analysis of 43 tumors from head and neck 
cancer patients treated in a phase-II clinical trial indi-
cates a correlation of pretherapeutic pimonidazole hy-
poxic fraction with local tumor control as well as with 
overall survival (Kaanders et al. 2002). In preclinical 
investigations plasminogen activator inhibitor-1 in tu-
mor tissue correlated with hypoxia and tumor control 
after fractionated irradiation. Retrospective evaluation 
of plasma osteopontin levels, a protein which is ac-
tivated by hypoxia, for head and neck cancer patients 
treated in the randomized DAHANCA 5 trial, showed 
a significant correlation with locoregional tumor con-
trol and disease-specific survival after radiotherapy 
(Overgaard et al. 2005). Furthermore, the outcome 
of patients with high, but not with low, osteopontin 
levels could be improved by the hypoxic cell sensitizer 
nimorazole, suggesting not only a prognostic but also 
a predictive value of osteopontin (Overgaard et al. 
2005). It is still unclear which hypoxia marker has the 
highest relevance as a possible predictor for the out-
come of radiotherapy (Nordsmark et al. 2007). Early 
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experience is accumulating showing that hypoxia mea-
sured by PET imaging may yield predictive information 
useful for radiotherapy treatment planning and moni-
toring (Thorwarth and Alber 2008). Independent 
of hypoxia, high tumor lactate levels have been shown 
to correlate with high TCD50 values after fractionated 
radiation in a preclinical study (Quennet et al. 2006) 
and with prognosis in clinical investigations (Walenta 
et al. 2000). As lactate levels can be mapped using spe-
cialized MRI, these results bear considerable promise 
for further studies assessing this technology for radio-
therapy treatment planning.

19.6  
Local Control and Distant Metastases

It has been speculated that cancer, at some very early 
stages, almost always reflects systemic disease. In addi-
tion, it has been hypothesized that those tumors which 
are radioresistant, and can currently not be locally 
controlled by radiation, are particularly malignant and 
therefore have a very high risk of subclinical distant me-
tastases. Also, some experiments seem to suggest that 
radiation itself might increase the risk of tumors to me-
tastasize (Baumann et al. 1990b; O’Reilly et al. 1994; 
Camphausen et al. 2001). These three arguments seem 
to support the conclusion that improvement of local tu-
mor control by more effective radiation treatments will 

have only negligible or no impact on survival. Neverthe-
less, there is ample experimental and clinical evidence 
that improved local tumor control improves survival. 
Several experiments demonstrate that the incidence of 
distant metastases in the same murine tumor lines is 
higher for local recurrences than in locally controlled 
tumors after radiotherapy or surgery (Table 19.1). The 
most likely explanation for this finding is that the over-
all integral tumor burden is higher in local recurrences. 
Even if the risk of a cancer cell to form a metastasis 
might be increased during radiation, e.g. because of al-
tered gene expression or because of disturbance of tu-
mor cell (stromal interactions), the overall number of 
tumor cells at risk decreases very rapidly during radio-
therapy, which leads to a significant overall decrease in 
the risk to metastasize per tumor (Ramsay et al. 1988; 
Baumann et al. 1990a,b). The observation of less-dis-
tant metastases in locally controlled tumors has been 
confirmed in extensive retrospective analysis of clini-
cal results (Suit et al. 1970; Suit and Westgate 1986; 
Suit 1992). Correlation analysis of radiosensitivity and 
metastasis has revealed that the cellular radiosensitivity 
measured ex vivo in head and neck, cervix or endome-
trial cancer was not different for patients with or with-
out distant metastases. Furthermore, no correlation was 
found between TCD50 and incidence of distant metas-
tases in a panel of 24 murine tumor models (Suit et al. 
1994). Last but not least, a number of randomized trials 
published in the past two decades clearly demonstrate 
that improved local control of, for example, breast can-

Table 19.1. Local tumor control and metastatic spread (murine tumors). SCC squamous cell carcinoma, RT radiotherapy, 
OP surgery

Reference tumor treatment Lung metastases

Controlled (%) Relapsed (%)

Sheldon et al. (1974) Mammary carcinoma RT 8 35

Todoroki and Suit (1985) Sarcoma OP 7 26

RT 9 56

OP + RT 7 45

Ramsay et al. (1988) SCC RT 7 43

RT 3 13

Baumann et al. (1990b) SCC RT 5 25

RT 10 40

M. Baumann and M. Krause330



cer, rectal carcinoma, head and neck carcinoma, lung 
cancer, or cancer of the uterine cervix after intensified 
locoregional treatment approaches lead to better sur-
vival or decreased rates of distant metastases (Horiot 
et al. 1992; Gunderson and Martenson 1993; SRC 
Group 1997; Whelan et al. 2000; Bourhis et al. 2004); 
therefore, the overall conclusion of this chapter is that 
successful radiotherapy is an effective way to stop me-
tastasis at their source, thereby significantly contribut-
ing to overall survival of the patient.

19.7  
Conclusion

Several tumor biological parameters have been identi-
fied to impact local tumor control after radiotherapy in 
preclinical models as well as in clinical tumors. Some of 
these parameters are presently regularly considered for 
prescription of treatment in clinical practice, whereas 
for several other parameters predictive assays are still 
evolving. Inclusion of biological parameters of the in-
dividual tumors is anticipated to further improve the 
results of radiotherapy by tailoring dose and treatment 
schedule, by combining radiotherapy with modern 
drugs, and by consideration of intratumoral heteroge-
neity based on biological imaging. Improvement of lo-
cal tumor control by these biology-driven approaches 
is expected to contribute significantly to improved sur-
vival.
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K E Y  P O I n T S

 The efficacy of clinically applied radiation treat- •
ment regimens might be limited by biologic 
parameters, such as tumor oxygenation, pro-
liferation status, cell cycle distribution, DNA 
repair mechanisms, etc. 

 Previous attempts to escalate the radiation  •
dose or increase cell kill, e.g., by means of ad-
ministration of more damaging types of radia-
tion such as neutrons with high-linear-energy 
transfer, were often limited by the tolerance of 
normal tissues. 

 Improved results appear to be seen, e.g., in early  •
clinical trials with stereotactic radiotherapy for 
early stage non-small cell lung cancer. These 
improvements are likely to result from several 
different developments that influence our abil-
ity to stage tumors, to define the target volume, 
to predict target volume movement during 
treatment, and to administer highly conformal 
treatment in a precise manner. 

 The technological basis of treatment is likely to  •
broaden in the future. For example, the num-
ber of new facilities for proton and heavy-ion-
beam treatment increases every year.

 As soon as the radiation oncology community  •
has unequivocally demonstrated that current 
developments result in improved outcome, the 
challenge will be to enrich the patient popu-
lation that is likely to respond, based, e.g., on 
gene signatures or specific pathologic or mo-
lecular features that might predict outcome.

 The ultimate goal would be to assign patients  •
to individually tailored combinations of radia-
tion and targeted drug treatment (if needed) in 
order to kill those tumor cells that are likely to 
survive monotherapy and give rise to recurrent 
and metastatic disease. 
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Abstract

This chapter addresses the role of radiation dose escala-
tion as a method to increase tumor cell eradication and 
to improve local control and thereby survival of cancer 
patients. While radiation treatment can be designed 
to cover the whole tumor with a homogeneously dis-
tributed full-radiation dose or a simultaneously inte-
grated boost to defined subvolumes, the normal tissue 
exposure ultimately limits the dose that can safely be 
delivered. Exceeding certain dose thresholds to critical 
structures might result in unacceptable permanent dys-
function and sequelae, with profound consequences on 
quality of life. With improved methods of target volume 
definition, image-guided external beam radiotherapy, 
advanced brachytherapy applications, and the advent 
of proton and heavy-ion-beam facilities, the possibili-
ties for safe radiation dose escalation have never been 
more promising than they are today. Whether such 
approaches ultimately will be able to overcome the 
substantial variability in radiation sensitivity and fi-
nal treatment outcome remains to be demonstrated in 
sufficiently powered prospective studies. Preliminary 

experience suggests that the local control rates, e.g., in 
limited stage non-small cell lung, nasopharyngeal, and 
uterine cervix cancers, are promising. It will be impor-
tant to predict which patients can safely be treated with 
high-dose radiation alone and which patients should 
simultaneously receive radiosensitizers, hypoxia-mod-
ifying drugs or, in general, modifiers of the radiation 
response in order to optimize the cure rates.

20.1  
Introduction

If solid tumors are detected in nonmetastatic, local-
ized stages, then effective local therapy can be curative. 
Depending on the risk of micrometastases, adjuvant or 
neoadjuvant treatment offers additional benefit. Besides 
surgery, radiotherapy has long been recognized as a cu-
rative modality. Potential advantages of radiotherapy 
over surgery include organ preservation, and the non-
invasive nature of it is especially suitable for the treat-
ment of elderly patients, or those with comorbidities, in 
whom the risks from surgery are greater. (We summa-
rize representative results in Table 20.1.) While variable, 
but generally high rates of disease control are obtained, 
a certain number of failures continue to exist. Figure 
20.1 illustrates potential sources of failure. Recurrence 
despite correctly administered treatment might result 
from survival of less radioresponsive cells, and factors 
such as oxygenation, DNA repair capacity, prolifera-
tion, etc., might impact radiosensitivity. This leads us to 
question whether radiation dose escalation will enable 
us to destroy less radioresponsive cells. 

 Initial tumor volume or cell number profoundly  •
influences local control and necessitates ad-
ministration of higher radiation doses in large-
volume disease. This poses a special challenge 
with regard to normal tissue exposure and dose 
limiting toxicities.

Table 20.1. Overview of treatment results with curative radiation therapy

Authors tumor treatment Results

Garden et al. 2003 Glottic carcinoma 
T2N0

Various fractionation regimens 5-Year locoregional control without salvage 
surgery: 72%
5-Year disease-specific survival: 92%

Yamazaki et al. 
2006

Glottic carcinoma 
T1N0

56–66 Gy, with different fraction 
sizes

5-Year locoregional control without salvage 
surgery: 86%, and cause-specific survival: 
98%

Jones et al. 2004 Larynx carcinoma 
T1–2N0 

60–66 Gy, conventional fraction-
ation without CTx

5-Year tumor-specific survival: 87%

Fu et al. 2000 Stage II–IV head 
and neck tumors

Accelerated fractionation with 
concomitant boost, 72 Gy

5-Year locoregional control: 50%
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Table 20.1. (continued) Overview of treatment results with curative radiation therapy

Authors tumor treatment Results

Leung et al. 2008 Nasopharyngeal 
cancer T1–2b

Radiation with brachytherapy 
boost

5-Year progression-free survival: 95%

Wang et al. 1991 Nasopharyngeal 
cancer T1–2

Radiation with brachytherapy 
boost

5-Year local-control rate: 91%

Ortholan et al. 
2005 

Anal canal carci-
noma T1

Various external beam or brachy-
therapy techniques

5-Year colostomy-free survival: 85%
5-Year disease-free survival: 89%

Deniaud-Ale-
xandre et al. 2003 

Anal canal carci-
noma T1–4, stage 
I–IIIB

Various external beam or brachy-
therapy techniques, CTx in <10%

5-Year local-relapse-free survival: 86%
5-Year disease-free survival: 72%

Gerard et al. 1998 Anal canal carci-
noma T1–4 N0–3

External beam radiotherapy plus 
implant and chemotherapy

5-Year colostomy-free survival: 72%
5-Year disease-specific survival: 90%

Papillon 1990 Rectal cancer T1–2

Rectal cancer T2–3

Intracavitary irradiation

External beam plus intracavitary 
radiotherapy

Crude local failure rate 5%, pelvic lymph 
node metastases: 4% 
5-Year cancer-specific survival: 84%

Groen et al. 2004 Non-small cell lung 
cancer stage IIIA/B

Conventional fractionation 60 Gy 
vs. 60 Gy plus carboplatin

2-Year local control rate: 38 vs. 72%

Onishi et al. 2004 Non-small cell lung 
cancer stage I

Hypofractionated stereotactic 
radiotherapy 

Crude rate of local-disease recurrence: 13.5% 
5-Year cause-specific survival: 78%

Zimmermann et al. 
2005 

Non-small cell lung 
cancer stage I

Hypofractionated stereotactic 
radiotherapy 

2-Year-freedom-from-local-recurrence rate: 
87%
2-Year disease-free survival: 72%

Xia et al. 2006 Non-small cell lung 
cancer stage I/II

Hypofractionated stereotactic 
radiotherapy

3-Year local control rate: 95%
3-Year overall survival: 78%

Sathya et al. 2005 T2–3 N0 prostate 
cancer 

External beam radiotherapy plus 
implant

8-Year failure-free survival: 65%
8-Year overall survival: 82%

Wallner et al. 
2003 

T1c–2a low-risk 
prostate cancer

125I or 103Pd implant 3-Year biochemical-relapse-free survival: 89 
vs. 91%

Pollack et al. 2002 T1–3 prostate cancer External-beam radiotherapy, 
78 Gy

6-Year failure-free survival: 70%

Lertsanguansin-
chai et al. 2004 

Stage IB-IIIB cervi-
cal cancer

External-beam radiotherapy plus 
brachytherapy

3-Year pelvic control: 87%
3-Year relapse-free survival: 70%

Eifel et al. 2004 Stage IB/II cervical 
cancer and
Stage III/IVA cervi-
cal cancer

Radiotherapy alone vs. chemora-
diation

5-Year locoregional failure-free survival: 69 
vs. 87% (IB/II), and 56 vs. 71%
5-Year disease-free survival: 46 vs. 74% (IB/
II), and 37 vs. 54% 

Milker-Zabel 
et al. 2005 

Meningioma grade 
I vs. II

Stereotactic radiotherapy 5-Year recurrence-free survival: 90.5 vs. 89%

Selch et al. 2004 Meningioma grade 
I/II

Stereotactic radiotherapy 3-Year local control: 97%

CTx chemotherapy
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20.2  
Staging and Target Volume Delineation

Noninvasive imaging techniques are a central compo-
nent of treatment planning in radiation oncology. The 
information gained from different imaging modalities 
is usually of a complementary nature: MRI defines soft 
tissue with high resolution, computed tomography (CT) 
is important for the precise delineation of bony anatomy 
and for the accurate computation of radiation dose, PET 
and (SPECT) offer additional information about tumor 
biology, heterogeneity, and extent of spread. Thus, pre-
cise definition of the gross tumor volume (GTV) is de-
pendent on proper integration of multimodal imaging 
information.

Delivery of sophisticated local treatment can only 
yield a survival advantage for patients with truly lo-
calized disease, or those with controlled or control-
lable systemic disease. The success of stereotactic radio-
therapy, e.g., for early-stage non-small cell lung cancer 
(NSCLC) is critically dependent on the correct identi-
fication of node-negative patients. For this purpose, a 
hybrid PET–CT scanner and the tracer FDG might be 
used. Correct staging is also required for other diseases 
commonly treated with high-dose radiotherapy such 
as prostate cancer. In numerous clinical trials, PET and 

PET–CT have been shown to improve the accuracy of 
staging and to result in treatment modification in ap-
proximately 20–30% of patients with diseases treated 
by curative radiotherapy (Mac Manus et al. 2001; Van 
Tinteren et al. 2002; Weber et al. 2003; Viney et al. 
2004; Grosu et al. 2005a; Herder et al. 2006). 

The principle of modern radiation therapy is to ad-
minister a curative dose to a precise and well-delineated 
target volume in a very accurate and reproducible fash-
ion. The doses to critical organs must be kept at tolerable 
levels, because the normal tissue complication probabil-
ity (NTCP) determines the ability to deliver a high dose 
(Belderbos et al. 2006). Beyond patient selection, the 
use of PET results in frequent and relevant modifica-
tions of the clinical target volume, mainly by exclusion 
of lymph nodes (Vanuytsel et al. 2000; Belderbos 
et al. 2006; Greco et al. 2007). Also with regard to the 
primary tumor, PET might improve the delineation, as 
shown, e.g., for intracranial tumors (Grosu et al. 2000, 
2003, 2005a,b,c), head and neck tumors (Schinagl 
et al. 2007) and NSCLC (Mac Manus et al. 2001; Fox 
et al. 2005; Gondi et al. 2007). Furthermore, PET might 
reduce the interobserver variability if different radiation 
oncologists attempt to define the target volume in the 
same patient (Khoo et al. 2000; Weltens et al. 2001; 
Ashamalla et al. 2005; Cattaneo et al. 2005; Fox 
et al. 2005; Grosu et al. 2006a,b; Steenbakkers et al. 

All patients presumed to harbor early-stage non-small 
cell lung cancer to be treated with curative radiotherapy 

Staging examinations do not 
depict cancer cells distant 

from the gross tumor volume, 
resulting in failure in untreated 

areas

Patients with true early-
stage disease 

Patients with incorrectly 
delineated target volume, 

resulting in failure near the 
treated area 

Patients with correctly 
delineated early-stage 

disease

Patients with correctly 
administered therapy 

Inter- or intrafraction set-up 
errors resulting in local failure

Cured patients Patients with local failure 
resulting from surviving 

cancer cells 

Fig 20.1. Factors associated with treatment success and failure

C. Nieder and M. P. Mehta338



2006). The best-characterized tracers include FDG for 
extracranial tumors and l-(methyl-11C) methionine for 
intracranial tumors. Currently, a number of questions 
around scanning protocols, image interpretation, image 
fusion, and choice of segmentation tool for treatment 
planning are not fully resolved (Aerts et al. 2008). In 
addition, the impact of PET-defined target volumes on 
local control and ultimately survival remains to be dem-
onstrated in adequately designed prospective trials. 

20.3  
The Issue of Motion and Precise Targeting

It has long been recognized that the position of the tar-
get volume might change with, e.g., respiration, swal-
lowing, bowel, and bladder activity, and that the pa-
tient’s position on the treatment couch is also prone 
to variation (systematic and random errors, reviewed, 
e.g., by Sonke et al. 2008). This has led to the concept 
of an internal target volume to account for organ move-
ment and an additional planning target volume, in 
other words, margins that expand the purely disease-
defined target volumes in order to account for various 
types of uncertainties. It has been shown that patients 
who received suboptimal external-beam radiotherapy 
(geographical miss, protocol violation) had inferior 
outcome, e.g., in a prospective trial in Hodgkin’s dis-
ease by the German Hodgkin Study Group, i.e., in a 
malignancy that is highly curable by moderate doses 
of radiation (Duhmke et al. 2001). In stage I NSCLC, 

the use of more sophisticated treatment, in this case 
of three-dimensional versus two-dimensional radio-
therapy, contributed to improved outcome (Fang et al. 
2006). Treatment toxicity is also dependent on the qual-
ity of radiotherapy, as demonstrated, e.g., in prostate 
cancer brachytherapy (Keyes et al. 2006). Some of the 
issues around organ motion and precise targeting ap-
ply to a lesser extent in brachytherapy, which makes this 
method attractive for dose escalation. 

The exact margin expansion depends on several fac-
tors, such as the use of devices to track and/or mini-
mize motion, to immobilize patients, etc. (Balter and 
Kessler 2007; Nijkamp et al. 2008). The necessary 
margin expansion can now be determined for each in-
dividual patient, both prior to the first treatment and 
with serial controls during a course of fractionated ra-
diotherapy. In addition, tumor shrinkage can be taken 
into account (Woodford et al. 2007; Lim et al. 2008), 
although questions regarding the safety of field reduc-
tion remain unanswered (Siker et al. 2006). With im-
proving technical capabilities, the step from CT-based 
three-dimensional conformal therapy to high-precision 
stereotactic or intensity-modulated techniques and in-
verse planning has recently been made (Galvin and De 
Neve 2007; Fig. 20.2). A key feature of high-precision 
therapy is the determination of and correction for setup 
uncertainties that occur from fraction to fraction (in-
terfraction movement), e.g., with megavoltage com-
puted tomography (image-guided radiotherapy) (Hong 
et al. 2007). In addition, intrafraction tumor and organ 
movements, for example during the breathing cycle, can 
be quantified (often called four-dimensional radiother-

Fig 20.2. Treatment planning CT scans displaying the isodose 
distributions in a patient with a single liver metastasis treat-
ed with fractionated stereotactic radiotherapy (left side, dose 
prescribed to the 60% isodose line, which is shown in green) 

and in a patient with prostate cancer (right side), in whom an 
intensity-modulated simultaneous integrated boost to a lesion 
in the left lobe is planned
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apy). Reducing these uncertainties allows for tighter 
margins and better normal tissue sparing (Ding et al. 
2007; Feng and Eisbruch 2007). It is also possible with 
intensity-modulated techniques to selectively reduce 
the dose to critical structures (conformal avoidance) 
(Gutierrez et al. 2007). It has been shown that con-
trol for respiratory motion and adaptive radiotherapy 
are feasible (Rietzel et al. 2005; Zhang et al. 2007). 
The same holds true for real-time assessment of rec-
tum and bladder position for prostate cancer treatment. 
However, the patient population that will derive clinical 
benefit from such technology still needs to be defined. It 
is likely, that patients with otherwise high NTCP, for ex-
ample, as a result of large target volumes, might benefit 
most from intrafraction movement adjustments. 

The basis for clinical proton and heavy-ion-beam 
application was established years ago (Wilson 1946; 
Lawrence et al. 1963; Schulz-Ertner and Tsu-
jii 2007). While protons are characterized by supe-
rior physical properties, resulting in improved nor-
mal tissue sparing, their radiobiologic properties are 
not tremendously different from those of photons. In 
contrast, heavy-ion beams cause more severe biologi-
cal effects (high-linear-energy transfer [LET]). Devel-
opments in the field of photon beam therapy such as 
intensity modulation are now also being translated to 
these applications; although, clinically robust devices 
and facilities able to deliver intensity modulated proton 
therapy are extremely scarce (Lomax 2008). With in-
creasing numbers of facilities, more and more patients 
are treated with this highly sophisticated and costly 
type of treatment. The controversy around the use of 
these technologies in the absence of clinical data from 
large prospective randomized trials (low level of evi-
dence) has nicely been summarized in a recent review 
(Bentzen 2008). 

Although visualization and precise administration 
of treatment are key factors, the ultimate success of any 
cancer treatment is influenced by tumor cell number 
and biology, which has profound implications on ra-
diosensitivity (Lind and Brahme 2007). The key points 
are briefly discussed in the next paragraph. 

20.4  
The Influence of Cell number and Biology

It is a well-known phenomenon that the success rate 
of radiation treatment is depended on tumor volume 
or cell number, as described, e.g., in studies of pal-
liative radiotherapy for brain metastases and curative 

carbon ion therapy for stage I NSCLC (Nieder et al. 
1997; Miyamoto et al. 2007). For T1 NSCLC, the lo-
cal control rate was 98% at a median follow-up of 39 
months, while it was 80% for T2 tumors, which typi-
cally are larger. Both experimental and clinical observa-
tions have repeatedly confirmed the influence of initial 
tumor volume or cell number on local control (Khalil 
et al. 1997; Belderbos et al. 2006; Zhao et al. 2007; 
Onimaru et al. 2008; Werner-Wasik et al. 2008) and 
the need for administration of higher radiation doses in 
large-volume disease. The preclinical data of radiother-
apy under hypoxic and ambient conditions also suggest 
that the dose–volume relationship is present under both 
conditions, i.e., not just related to increasing hypoxia in 
larger tumors. 

Oxygen supply, number of clonogen cells, and pro-
liferation rate are important determinants of outcome. 
Yet, typical treatment plans are developed with lim-
ited knowledge of tumor biology. The histology report 
provides information on some features, but is far from 
exhaustive. The tumor microenvironment influences 
expression of proteases, locally aggressive behavior, 
metastatic potential, and treatment resistance (Molls 
and Vaupel 2000; Rofstad et al. 2000; Stadler et al. 
2000; Hedley et al. 2003; Nieder et al. 2003; Zips et al. 
2004; Nordsmark et al. 2005; Wouters et al. 2005). In 
vivo measurements suggest that hypoxia is still present 
in head and neck cancers at the end of radiation treat-
ment. Killing of all remaining hypoxic tumor stem cells 
during the late treatment phase might therefore be very 
important. Tumor blood flow also is an interesting fea-
ture, e.g., in combined modality treatment because drug 
delivery depends on perfusion. Evaluation by dynamic 
MRI and other methods suggests that large differences 
exist between individual tumors (Feldmann et al. 1993 
and 1999; Loncaster et al. 2002). 

The induction of DNA damage is probably one of 
the most crucial events after irradiation of cells. In this 
regard, ionizing radiation triggers a wide array of le-
sions including base damage, single-strand breaks, and 
notably, double-strand breaks (DSB). After irradiation, 
different molecular systems are involved in recognition 
and repair of the damage. Whereas most of the induced 
damage is quickly repaired, DSB repair is slow, and un-
repaired DSBs are considerably important for the final 
induction of cell death. Data from a subgroup of pa-
tients from the Stockholm breast cancer trials suggest 
that the magnitude of expression of certain DNA repair 
proteins (Mre11, Rad50, Nbs1) is associated with favor-
able response to radiotherapy (Söderlund et al. 2007). 
In addition, striking differences in the radiation sensi-
tivity occur as cells move through the different phases 
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of the cell cycle. The use of radiation with greater LET 
circumvents some of the problems around damage that 
can be repaired and resistance of hypoxic and quiescent 
cells within a tumor (Masunaga et al. 2008). 

Integration of biological information into treat-
ment planning is desirable for treatment optimiza-
tion. However, features such as oxygenation might be 
heterogeneously distributed within a tumor and vary 
during treatment (Lin et al. 2008). Certainly, repeat 
measurements with invasive approaches are inconve-
nient. Noninvasive methods, such as functional MRI, 
magnetic resonance spectroscopy (MRS), or PET with 
18F-fluoromisonidazole (FMISO) or 18F-fluoroazomycin 
arabinoside (FAZA) might improve patient’s acceptance 
and co-registration plus correlation with standard ana-
tomical imaging (Grosu et al. 2007; Aerts et al. 2008). 
PET imaging was also shown to provide prognostic 
information (Vansteenkiste et al. 1999; Borst et al. 
2005; Van Baardwijk et al. 2007). Ongoing studies 
will determine whether these approaches contribute to 
treatment individualization and ultimately improved 
cure rates.

20.5  
What to Expect from Dose Escalation?

Under experimental conditions, researchers are able 
to kill all clonogenic cells and thereby control human 
tumors transplanted in mice with radiotherapy as long 
as the dose is high enough (Yaromina et al. 2007). 
Several randomized trials have demonstrated the ben-
efits of dose escalation in prostate cancer (Pollack 
et al. 2002; Sathya et al. 2005; Zietman et al. 2005; 
Peeters et al. 2006; Dearnaley et al. 2007), but some 
tumor types, e.g., glioblastoma, were not successfully 
treated with higher doses of radiation (Lapperriere 
et al. 1998; Selker et al. 2002; Souhami et al. 2004). 
In NSCLC stage T1-3 N0 M0, dose escalation with 
2.1-Gy fractions to a median dose of 84 Gy (maximum 
102.9 Gy) resulted in 5-year local-progression-free sur-
vival of 42% in patients that received 92.4–102.9 Gy 
(Chen et al. 2006). Tumor volumes in this subgroup of 
patients were typically <60 cm3. These data suggest that 
dose escalation with fractionated radiotherapy is less 
successful than anticipated, although a 1-Gy increase in 
dose was associated with a 3% reduction of risk from 
death. Dose escalation with daily fractions of approxi-
mately 2 Gy leads to an increase in overall treatment 
time, which might reduce the anticipated additional 
cell kill because tumor cells start to repopulate faster 

soon after initiation of treatment (Kim and Tannock 
2005). To account for differences in dose per fraction 
and treatment time, the biologically equivalent dose of 
a certain radiotherapy regimen can be calculated. In-
creasing normal tissue complication probabilities pose 
huge challenges to treatment of patients with large vol-
ume disease, which, in addition, are at increased risk of 
metastatic spread.

In stereotactic radiotherapy of early-stage NSCLC, 
where high doses per fraction are administered to small 
volumes within a relatively short time interval, it was 
also demonstrated that dose escalation improves sur-
vival and local control (Onishi et al. 2004; Onimaru 
et al. 2008). Increasing the biologically equivalent 
dose to more than 100 Gy led to disappearance of sig-
nificant differences in local tumor control between T1 
and T2 NSCLC (Onishi et al. 2004). In early, stage Ib 
squamous cell carcinoma of the uterine cervix, radia-
tion therapy alone resulted in 5-year survival of 93.5% 
and local control of 92% (Ota et al. 2007). Comparable 
findings were reported in nasopharyngeal carcinoma 
(Wang et al. 1991; Leung et al. 2008). Whether the 
remaining failures in such relatively small series of se-
lected patients are the consequence of adverse biologi-
cal features of the tumor or of the potential sources of 
errors discussed earlier cannot be decided. A compre-
hensive analysis of this question would require detailed 
data on both treatment accuracy and tumor biology. 
The latter would necessitate complete tumor removal, 
as biopsies might be prone to sampling errors, thereby 
eliminating the need for high-dose radiotherapy. If one 
tries to review data on tumor biology features such as 
oxygenation in early stage cancers, lung cancer is not 
a very attractive model, as data interpretation is ham-
pered by the differences in histology and volume. The 
T2, -3, and -4 stages are composed of differently sized 
tumors. A recent study in prostate cancer patients sug-
gests that increased staining for vascular endothelial 
growth factor and hypoxia inducible factor-1α is as-
sociated with a shorter time to biochemical failure, in-
dependent of tumor stage, Gleason score, serum pros-
tate specific antigen, and radiation dose (Vergis et al. 
2008). However, tumor volume differs within a given 
tumor stage. In tumors of the uterine cervix, dynamic 
contrast enhanced MRI appears to add information on 
oxygenation that complements the impact of tumor vol-
ume on outcome, but the stage distribution varied con-
siderably in the relatively small study by Loncaster 
et al. (2002). A larger study on pimonidazole labeling 
and Eppendorf electrode measurements suggests that 
tumor size outperforms the other methods with regard 
to influence on local control (Nordsmark et al. 2006). 
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However, equally sized early-stage tumors might differ 
with regard to histologic grade, risk of nodal metasta-
ses, underlying causes, and genetic changes, etc., and 
are thus unlikely to represent a homogeneous biologic 
entity. Gene expression profile analysis can be used to 
divide early stage cancers into groups with different 
behavior (Watanabe et al. 2008), but it remains to be 
demonstrated that such strategies can be used to pre-
scribe the radiation dose.

Dose escalation does not come without a price. In-
tensified treatment to conventional target volumes or 
certain anatomical areas might result in considerable, 
clinically unacceptable toxicity. These facts lead to the 
question whether selective intensification to certain, 
biologically relevant subvolumes might improve the 
therapeutic ratio and how such subvolumes should be 
defined. Currently, efforts are underway to validate suit-
able methods. Image fusion, for example of PET, MRI 
and CT scans, and hybrid PET–CT scans is being used 
for creation of individualized dose distributions, or so-
called dose painting. The idea behind dose painting is to 
perform targeted dose escalation for less radiosensitive 
subvolumes (Ling et al. 2000). It has been shown that 
this is technically feasible, although issues of temporal 
and spatial variations in target localization, the resolu-
tion of biological imaging, quality assurance, etc., re-
main evolutionary. The recent discovery of cancer stem 
cells and their role in radiation resistance (Rich 2007; 
Korkaya and Wicha 2007) creates new questions 
around the issue of selective dose escalation. If such 
cells were the major source of treatment failure, would 
they not represent the logical target for dose escalation? 
If so, would we not need to know whether they are ran-
domly distributed throughout the tumor or located in 
well-defined subvolumes that can be detected by some 
of the emerging biological imaging methods? How ra-
dioresistant are these cells in humans in vivo? We could 
not cure such a high number of small head and neck 
cancers, skin cancers, lung cancers, prostate cancers, 
etc., without killing all the cells that can give rise to a 
recurrence. What is the effect of high-LET radiation 
on these cells? Can we predict the need for treatment 
modification early during a course of radiotherapy, 
based on the response observed after a couple of frac-
tions (Seibert et al. 2007)? In an ideal scenario, we 
would be able to apply a predictive test before the start 
of treatment (Minna et al. 2007) that tells us whether 
our present patient can be cured and safely treated by 
relatively inexpensive photon beam therapy, whether, 
e.g., a hypoxia modifier should be added to this, or 
whether high-LET radiation is the only way to go. Yet 
another school of thought proposes that tumors may 

“mask” their potential to resist radiation until actually 
exposed to radiotherapy, and therefore, a reanalysis of 
tumor biology, either through repeat biopsies or imag-
ing for molecular analysis, after a few fractions (one to 
five) might provide the most promising data to modify 
the delivery of radiotherapy; this concept is referred to 
as “theragnostic radiation therapy” (Bentzen 2005). 
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Abstract

Many cancer patients present with metastatic disease at 
the time of diagnosis. Usually, systemic therapy is the 
first choice of treatment; however, in some cases the pri-
mary tumor is treated first to relieve local symptoms, 
to reduce the tumor volume, or for other reasons. Sur-
prisingly local therapy sometimes has a great impact on 
tumors outside of the treatment target: metastatic tu-
mors grow more rapidly or shrink in conjunction with 
the local therapy directed at the primary lesion. These 
phenomena are reported for many types of cancer and 
treatments including radiation therapy, surgery, and 
other therapies. Although a few major theories have 
been proposed to explain these phenomena, they are not 
yet fully understood. Understanding of the mechanism 
would be useful to develop new treatment approaches 
for cancer patients with metastatic disease.

K E Y  P O I n T S

 Tissue damage, blood loss, transfusions, an- •
esthetics, hypothermia, pain, and/or anxiety 
that occurs perioperatively result in a mainly 
cell-mediated immunosuppressive state, which 
might influence the fate of cancer cells remain-
ing after surgery.

 Changes in the expressed cytokine levels after  •
treatment of a primary tumor can affect the tu-
mor growth. Several cytokines are reported to 
correlate with distant effects outside of the area 
of treatment.

 The so-called abscopal effect as a positive influ- •
ence of treatment outside of the target area is 
not often observed after radiotherapy.

 Suicide gene therapy has been reported to cause  •
a distant bystander effect.
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21.1   
Introduction

It has been proposed by different authors that aggres-
sive local treatment of an accessible, limited-stage 
primary tumor contributes to increased survival in 
patients diagnosed with synchronous distant metasta-
ses, e.g., selected patients with brain metastasis from 
non-small cell lung cancer (Hu et al. 2006; I et al. 
2006; Yang et al. 2008). The question arises whether 
the occasional long-term success of such strategies 
results from actual removal of all malignant cells, or 
removal of all macroscopic manifestations followed by 
systemic chemotherapy, which might control micro-
metastases, or whether different mechanisms might 
be involved. Yet even negative consequences, e.g., 
of surgical procedures, cannot be ruled out. There 
have been a few major theories proposed to explain 
the possible consequences of radical treatment of the 
primary tumor in patients with metastatic cancer. 
For example, a systemic immune reaction generated 
against local tumor antigens has been described to 
affect distant tumor growth, and systemic release of 
specific cytokines generated against the primary tumor 
has also been reported to have a distant effect. Rapid 
growth of metastatic tumors is often observed and the 
development of new metastatic lesions might follow 
surgical resection of the primary tumor. The stress of 
surgery can reduce systemic immunity, and the immu-
nosuppressive effects of surgery have been shown to 
increase the risk of metastasis. In the field of radiation 
therapy, the decrease of tumors outside of the radiation 
field is rarely observed after irradiation of the primary 
tumor and this phenomenon has been well known for 
a long time as the abscopal effect or bystander effect. 
Fifty years ago, Dr. R.H. Mole called this surprising 
phenomenon the “abscopal effect” (Mole 1953). The 
word “abscopal” is derived from the Latin prefix “ab” 
meaning “away from” and the Greek word “skopos” 
meaning “target.” Multiple cases of the abscopal effect 
observed after radiotherapy have been reported for a 
variety of malignancies including lymphoma, leukemia, 
melanoma, papillary adenocarcinoma, and hepato-
cellular carcinoma. Radiation may have an advantage 
over surgery by providing local control and inducing 
a local inflammatory response with less systemic sup-
pression of the immune system. The effects of radiation 
treatment on the immune system, cytokines, or other 
factors have been reported to be related to these distant 
effects.

21.2   
Surgery

Rapid recurrence after surgical treatment can result 
from several possible mechanisms, including incomplete 
surgical excision, occult metastases, and potential seed-
ing from surgical manipulation (Ben-Eliyahu 2002; 
Eschwege et al. 1995; Kassabian et al. 1993). Further-
more, suppression of immunity due to surgical stress, 
decreases in antiangiogenic factors released by the re-
sected tumor, and the release of growth factors (e.g., epi-
dermal growth factor or transforming growth factor-β) 
necessary for wound healing can enhance tumor pro-
liferation (Ben-Eliyahu 2002). Tissue damage, blood 
loss, transfusions, anesthetics, hypothermia, pain, and/
or anxiety that occurs perioperatively result in a mainly 
cell-mediated immunosuppressive state (Shakhar and 
Ben-Eliyahu 2003; Vallejo et al. 2003). Carter et al. 
reported that open cecectomy was associated with sig-
nificantly more lung metastases than anesthesia alone 
or laparoscopic-assisted cecectomy in a mouse model 
(Carter et al. 2003). Page and Ben-Eliyahu also dem-
onstrated in a mouse model that surgery resulted in a 
2- to 3.5-fold increase in lung tumor retention and that 
indomethacin significantly reduced the tumor retention 
(Page and Ben-Eliyahu 2002). The effect was associ-
ated with restoration of natural killer cell (NK cell) ac-
tivity and/or reduction of interleukin (IL)-6. Decrease in 
NK cell activity through cytokines, such as IL-6 and im-
munosuppressive acidic protein (IAP), has been impli-
cated in perioperative immunosuppression (Aso et al. 
1992; Biffl et al. 1996; Carter and Whelan 2001; 
Oka et al. 1993; Schietroma et al. 2001). Other ani-
mal studies have also confirmed the correlation between 
high risk of metastasis and low NK cell activity induced 
by surgery (Ben-Eliyahu et al. 1999; Da Costa et al. 
1998; Page and Ben-Eliyahu 1999; Wiltrout et al. 
1985). Low NK cell activity during the perioperative pe-
riod is associated with an increase in cancer recurrence 
and mortality in patients, e.g., for head and neck cancer 
(Schantz et al. 1987, 1989), lung cancer (Fujisawa and 
Yamaguchi 1997), colorectal cancer (Koda et al. 1997; 
Tartter et al. 1987), and breast cancer (Levy et al. 
1985).

21.3   
Radiation

Compared to surgery, radiation therapy appears to 
cause less immunosuppression (Tang et al. 1996). 
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Radiation-induced immune reaction or cytokines 
might affect tumors outside of the radiation field and 
under rare circumstances cause a significant outcome. 
Ohba et al. described a man who underwent radiation 
therapy for bone metastasis from hepatocellular carci-
noma (Ohba et al. 1998). Surprisingly, regression of 
the non-irradiated primary tumor was observed. A rise 
in the serum tumor necrosis factor (TNF)-α after ra-
diotherapy coincided with the response of the primary 
tumor and an immune response induced by TNF-α 
was suggested by the authors. Several cases of abscopal 
effects have been reported for leukemias and lympho-
mas after radiation therapy. One possible mechanism 
that is relevant mainly to leukemias and lymphomas 
is that the distant effect observed is due to the circula-
tion of diseased lymphocytes through the field of local 
irradiation.

Radiation has the potential to enhance tumor im-
munogenicity by inducing an inflammatory response in 
tumor tissue and lead to the activation of the immune 
system. Radiation induces cell apoptosis and necro-
sis, and a dendritic cell mediated antitumor immunity 
can be induced by these necrotic and apoptotic cells in 
vitro and in vivo (Albert et al. 1998; Bhardwaj 2001; 
Kotera et al. 2001; Sauter et al. 2000). It has been 
suggested that this cell death leads to the release of in-
flammatory cytokines, which may be responsible for 
the abscopal effect after radiation therapy (Hong et al. 
1995; Quarmby et al. 1999; Watters 1999). Radia-
tion has direct effects on tumor blood vessels and can 
cause increased permeability. Increases in cytokines by 
radiation also cause increased permeability of tumor 
blood vessels, leading to greater access for dendritic 
and T cells to the tumor cells (Ganss et al. 2002; Ni-
kitina and Gabrilovich 2001). Another mechanism 
is that radiation can induce antigen expression. Radia-
tion has been shown to induce the expression of Death 
receptors (CD95), MHC class I expression, carcinoem-
bryonic antigen, and a variety of adhesion molecules, 
such as ICAM-1 (Hareyama et al. 1991; Santin et al. 
1998a, b).

To enhance the antitumor immunity, dendritic cell 
growth factor, Flt-3 ligand was combined with radiation 
therapy and there was greater induction of the abscopal 
effect compared with either treatment alone in certain 
tumor cell lines (Chakravarty et al. 1999; Demaria 
et al. 2004). Active variant of human macrophage in-
flammatory protein-1α also induced abscopal effects by 
radiation in several mouse tumor models and the accu-
mulation of CD8+ and CD4+ lymphocyte and NK cells 
was observed in non-irradiated tumor sites (Shiraishi 
et al. 2008). There have also been a number of studies 
that have shown that radiation combined with cytokine 

therapy reduces the risk of metastasis. IL-2 has been 
combined with lung irradiation and the rate of lung 
metastasis in renal cancer was studied. Although results 
in animal studies were promising, one phase II trial did 
not show a difference in metastatic rates between the 
patients treated with IL-2 alone or IL-2 with radiation 
(Redman et al. 1998; Younes et al. 1995a, b). These 
findings support the important role of the immune sys-
tem in the abscopal effect.

The abscopal effect, however, is not often observed, 
possibly because of the weak immune reaction. The 
majority of cancer antigens are the same as those ex-
pressed on normal tissues or are slightly modified mu-
tants (Friedman 2002) and tumors can escape from the 
immune system. Because of this, cancer cells are often 
unable to activate naive T cells independently because 
they lack co-stimulatory molecules (Chen et al. 1992; 
Townsend and Allison 1993). To induce abscopal 
effects efficiently, the development of new methods to 
induce cancer-specific antigens by radiation appears 
necessary.

21.4   
Cytokines

Many types of cytokines are expressed by tumors. 
Changes in the expressed cytokine level by the treat-
ment of a primary tumor can affect the tumor growth. 
Several cytokines are reported to correlate with distant 
effects outside of the area of treatment.

Overexpression of IL-6 and IL-6 receptor (IL-6R) 
is often observed in many types of cancer and is fre-
quently correlated with the grade and stage of the tu-
mor (Trikha et al. 2003). In most renal cell carcino-
mas, IL-6 is expressed and is necessary for proliferation 
(Horiguchi et al. 2002; Miki et al. 1989; Takenawa 
et al. 1991). Large quantities of IL-6 are produced by the 
primary tumor and stimulate the growth of both pri-
mary and metastatic tumors (Mizutani et al. 1995). In 
addition, IL-6 increases the expression of glutathione S-
transferase and makes renal cell carcinoma cells cispla-
tin resistant. The occasionally observed abscopal effects 
after nephrectomy may be attributed to the reduction 
of growth stimuli after removal of the primary tumor 
(Sanchez-Ortiz et al. 2003).

IL-1α and IL-1β are inflammatory cytokines and 
are also expressed in a variety of cancer cell lines, in-
cluding stomach, lung, ovary, breast, epithelium, and 
pancreas (Bhat-Nakshatri et al. 1998; Chen et al. 
2003; Ito et al. 1993; Kaji et al. 1995; Kumar et al. 
2003; Kurtzman et al. 1999; Li et al. 1992; Tsuyuoka 
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et al. 1994). IL-1α increases the expression of both ad-
hesion molecules on vascular endothelial cells (Lafre-
nie et al. 1994; Lauri et al. 1991) and proteases from 
tumor cell lines in vitro (Mackay et al. 1992; Tran-
Thang et al. 1996) and thus enhances metastasis in 
some cancers (Anasagasti et al. 1997; Takeda et al. 
1991). In addition, these interleukins induce cyclooxy-
genase-2 (COX-2) expression and lead to prostaglan-
din expression (Di Mari et al. 2003; Fan et al. 2001; 
Liu et al. 2003; Maihofner et al. 2003; Mifflin et al. 
2002). Overexpression of COX-2 in tumors can cause 
inflammation, immune response suppression, apop-
tosis inhibition, angiogenesis, carcinogenesis, tumor 
cell invasion, and metastasis (Koki and Masferrer 
2002).

21.5   
Angiogenesis Inhibition

Several kinds of intrinsic antiangiogenic molecules have 
been discovered, and the balance of angiogenic mol-
ecules and antiangiogenic molecules is one of the key 
factors behind tumor growth. Therefore, the decrease 
of these intrinsic angiogenesis inhibitors caused by the 
removal of a large primary tumor leads to angiogenesis 
and can enhance the growth of metastatic disease. For 
example rapid growth of liver metastases after resection 
of primary colon cancer is often observed in the clinic. 
Several experimental animal models indeed suggest that 
the growth of a primary tumor can inhibit the produc-
tion of distant metastases (reviewed by Gorelik 1983 
and by Prehn 1991). For example, a variant of Lewis 
lung carcinoma completely suppresses the growth of 
its metastases and angiostatin, a fragment of plasmi-
nogen, was purified from the urine of tumor-bearing 
mice (Holmgren et al. 1995; O’Reilly et al. 1994). 
Endostatin (Boehm et al. 1997; O’Reilly et al. 1997), 
a carboxyl-terminal fragment of collagen XVIII, is also 
a specific inhibitor of endothelial cell proliferation and 
migration (Yamaguchi et al. 1999). Hartford et al. 
demonstrated in mice that irradiation of a primary tu-
mor enhances inhibition of angiogenesis at a distal site, 
unlike surgery, which tended to increase distal angio-
genesis. In addition, they also showed that endostatin 
levels were twice as high in irradiated mice as compared 
to surgically treated mice (Hartford et al. 2000). In 
another study, p53 appeared to mediate a radiation ab-
scopal effect in mice that was dose dependent and the 
authors hypothesized that the systemic antiangiogenic 
effects were mediated through p53 (Camphausen et al. 
2003).

21.6   
Other Therapies

Suicide gene therapy also has been reported to cause 
a distant bystander effect (Agard et al. 2001; Bi et al. 
1997; Chikara et al. 2001, Dong et al. 2003; En-
gelmann et al. 2002; Okada et al. 2001; Pierrefite-
Carle et al. 2002). For example, Chikara et al. treated 
mouse prostate cancer xenografts with intratumoral 
injection of an adenoviral vector expressing herpes 
simplex-1 thymidine kinase (Ad-HSV-TK) and intra-
peritoneal injection of ganciclovir, followed by radiation 
(5 Gy), which resulted in decreased tumor growth and 
prolonged survival. The combination of gene therapy 
and radiation therapy also reduced the number of lung 
metastases compared to Ad-HSV-TK therapy alone, 
while radiation alone had no distant effect (Chikara 
et al. 2001). Suicide-gene-modified tumor cells can also 
induce a systemic antitumor effect that is mediated by 
NK cells (Pierrefite-Carle et al. 2002) or cytotoxic 
T lymphocytes (Agard et al. 2001; Okada et al. 2001). 
Overexpression of cytokines in tumor cells or cells like 
dendritic cells by transgenes expression also showed a 
distant bystander effect, including IL-2 (Asada et al. 
2002; Fearon et al. 1990; Hillman et al. 2004; Huang 
et al. 1996), IL-4 (Moret-Tatay et al. 2003), TNF-α 
(Kawakita et al. 1997), IL-12 (Tatsumi et al. 2003), 
IL-15 (Suzuki et al. 2001), IL-18 (Tatsumi et al. 2003), 
Flt-3 ligand (Dong et al. 2003), IFN-β (Dong et al. 
1999), and GM-CSF (Moret-Tatay et al. 2003), or 
combinations of these (Kawakita et al. 1997). For ex-
ample, Dong et al. demonstrated that murine squamous 
tumor cells (B4B8) expressing the soluble form of Flt-3 
ligand were able to induce a distant bystander effect in 
naive cells in the contralateral flank (Dong et al. 2003). 
Vartak et al. showed in a mouse model that local hyper-
thermia of one leg prior to transplantation of a fibrosar-
coma reduced the tumor growth not only in the heated 
but also in the unheated contralateral leg (Vartak et al. 
1993). Some studies showed that hyperthermia may en-
hance the immune response by increasing NK cell ac-
tivity (Yoshioka et al. 1990) and cytokine production 
like interferon-gamma (Downing et al. 1988).

21.7   
Conclusion

To understand the underlying mechanism of the distant 
effects on metastasis caused by local therapy, it is essen-
tial to understand such factors as the immune system 
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and cytokine levels before, during, and after therapy. 
However, most clinical studies are more concentrated 
on treatment of the primary tumor and correlations 
between primary and metastatic tumors have not been 
of great interest. With cognizance of these correlations, 
we can minimize detrimental effects, while developing 
methods to stimulate the immune system and redirect 
inflammatory responses, or expression of cytokines to 
suppress primary tumor and metastasis. Although, ra-
diation therapy causes less immunosuppression as com-
pared to surgery and has the potential to induce tumor 
immunity, we do not know the method for making full 
use of abscopal effects. The development of a new ap-
proach to enhance abscopal effects is warranted for can-
cer patients with metastatic disease.
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