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Part I
Opening Remarks



Chapter 1
Hardwiring Tumor Progression

Andrei Thomas-Tikhonenko

Oncogenes and tumor suppressor genes were traditionally studied in the con-
text of cell proliferation, differentiation, senescence, and survival, four relatively
cell-autonomous processes. Consequently, in the late 1980s—mid-1990s, neoplastic
growth was described largely as a net imbalance between cell accumulation and loss,
brought about through mutations in cancer genes (Evan and Littlewood, 1998). In
the last 10 years, a more holistic understanding of cancer slowly emerged, stressing
the importance of interactions between neoplastic and various stromal components:
extracellular matrix, basement membranes, fibroblasts, endothelial cells of blood
and lymphatic vessels, tumor-infiltrating lymphocytes, etc. (Hanahan and Weinberg,
2000). Nevertheless, the commonly held view is that changes in tumor microenvi-
ronment are “softwired,” i.e., epigenetic in nature and often reversible. Yet, there
exists a large body of evidence suggesting that well-known mutations in cancer
genes profoundly affect tumor milieu. In fact, these cell-extrinsic changes might be
one of the primary reasons such mutations are preserved in late-stage tumors. This
book will review how tumor microenvironment and progression can be “hardwired,”
i.e., genetically controlled.

These “Opening Remarks” (Part 1) will be followed by Part 2 entitled “Breaking
Away: Epithelial-Mesenchymal Transition.” As stated in Chapter 2 by Drs. Alfonso
Bellasco and Lionel Larue, EMT is “a major developmental process during which
epithelial cells develop mesenchymal, fibroblast-like properties, increased motility,
and reduced intercellular adhesion.” Furthermore, “EMT-like events are central to
tumor progression and malignant transformation, endowing the incipient cancer cell
with invasive and metastatic properties.” Their chapter focuses on the PI3 kinase,
one of the most frequently mutated genes in human cancers, and its inhibitor PTEN,
which is mutated with very high frequency in endometrial cancer, glioblastomas,
and some other malignancies. Although the PI3K—Pten—Akt axis closely controls
cell proliferation and death, deregulation of this pathway has important implications
for the epithelial-mesenchymal transition as well.

A. Thomas-Tikhonenko ()

Department of Pathology and Laboratory Medicine, University of Pennsylvania, and Department
of Pathology, The Children’s Hospital of Philadelphia, Philadelphia, PA, USA

e-mail: andreit@mail.med.upenn.edu

A. Thomas-Tikhonenko (ed.), Cancer Genome and Tumor Microenvironment, 3
DOI 10.1007/978-1-4419-0711-0_1, © Springer Science+Business Media, LLC 2010
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Chapter 3 by Drs. Wen-Hui Lien and Valeri Vasioukhin zeroes in on one par-
ticular downstream effector of the Akt pathway, E-cadherin. Since E-cadherin is
a component of the cell—cell adhesion system dubbed adherens junctions, its loss
is the key event in epithelial-mesenchymal transition. While epigenetic down-
regulation of E-cadherin is a well-known consequence of aberrant Akt signaling,
discussion here focuses on inactivating mutations in the E-cadherin gene itself,
which are frequently found in gastrointestinal and mammary cancers of epithelial
origin.

Parallel to the PI3K pathway — and sometimes intertwining with it — lies the
receptor tyrosine kinase pathway transmitting the signal from the plasma membrane
to Ras, an enzyme capable of converting GTP to GDP and in the process undergo-
ing conformational changes that trigger downstream signaling events. Ras family
members work in conjunction with other small GTPases, of which Rho GTPases
are a subclass. The latter and their role in cell motility are described in Chapter 4
co-written by Drs. Donita Brady, Jamie Alan, and Adrienne Cox. Interestingly, at
least one of these enzymes, RhoH (or ARHH) is affected by mutations in multiple
myelomas and diffuse large B-cell and other non-Hodgkin’s lymphomas, warranting
their inclusion in this book.

Drs. Ling Ren and Chand Khanna follow with Chapter 5 on the classical (in
the strict Knudsen’s sense) NF2 tumor suppressor and related ERM proteins. While
these proteins have a multitude of functions, one of their well-recognized prop-
erties is to serve as linkers between plasma membrane and cytoskeleton and thus
contribute to cell movement. Moreover, the authors point out that “ERM pro-
teins function both upstream and downstream of Rho-[GTPases] which are known
regulators of tumor cell motility and invasion.”

It is now well-recognized that in addition to the invasive growth, tumors must
acquire access to blood vasculature; hence the following Part 3 entitled “Coming up
for Air: Hypoxia and Angiogenesis.”

Chapter 6 co-authored by Drs. Huafeng Zhang and Gregg Semenza focuses on
hypoxia-induced factor 1. This transcription factor is an important regulator of many
a gene responsible for tumor neovascularization, including vascular endothelial
growth factor, or VEGF. While the role of HIF-1 in spontaneous tumors is well-
recognized, nowhere is its importance more obvious than in Von Hippel-Lindau
(VHL) disease, an autosomal dominant, familial cancer syndrome. The VHL pro-
tein, of course, is the ubiquitin ligase responsible for degradation of the alpha
subunit of HIF-1, and the loss of this enzyme sets in motion a complex set of events
culminating in tumor angiogenesis.

If tumor suppressors inhibit angiogenesis, oncogenes certainly aspire to do just
the opposite. Not to be outdone by HIF-1, Ras family members, upon being touched
by activating mutations, devised their own ways to contribute to the tumor-vascular
interface. Chapter 7 by Dr. Rak details how “expression of mutant H-ras leads to
... the exuberant production of VEGF” — and to other important events in tumor
angiogenesis.

Still, there are strong hints that in “real” tumors Ras cannot do it alone, or at
least would rather not. Either way, it definitely benefits from coactivation of another
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oncogene, c-Myc, which was first shown to cooperate with Ras more than 25 years
ago (Land et al., 1983). Chapter 8 by Drs. Prema Sundaram, Chi Dang, and myself
describes how Myc influences and is influenced by hypoxia and how in the end it
turns off expression of thrombospondin-1, an endogenous inhibitor of angiogenesis,
to yield tumors with robust vascularization.

Yet even when acting together, Ras and Myc might need to go back to tumor
suppressors for help. Chapter 9 by Drs. Jose Teodoro, Sara Evans, and Michael
Green delineate the contribution of p53 loss to tumor neovascularization. They state
that retention of p53 inhibits angiogenesis in at least three ways: through “inhibi-
tion of hypoxia-sensing systems, downregulation of pro-angiogenesis genes, and
up-regulation of anti-angiogenesis pathways,” including but not limited to throm-
bospondins. Given that “the overall combination of these effects . . . tilts the tumor
microenvironment in the host substantially towards angiogenesis suppression,” it
comes as little surprise that loss of p53 is the most common inactivating mutation
in human neoplasm (Vogelstein and Kinzler, 2004).

It is equally unsurprising that another tumor suppressor, ink4a, which pro-
foundly influences p53 activity (if the TP53 gene happens to be retained), also has
important cell-extrinsic effects. Chapter 10 by Dr. Greg Enders describes how GI
cancer-susceptible APC-deficient mice develop significantly more vascular tumors
if ink4a is concomitantly lost. In an interesting twist, of the two ink4a-encoded
proteins, the anti-angiogenic effects appear to be linked to pl6, which negatively
regulates not p53 but another tumor suppressor Rb. The conclusion is that this
cell cycle-controlling, cdk-inhibiting protein “appears, directly and/or indirectly, to
repress certain extracellular signaling, such as expression of VEGF, with substantial
non-cell-autonomous impact.”

Even highly vascular tumors do not generally become life threatening (save for
neoplasms arising in confined spaces such as the cranium) unless they undergo
metastatic spread and learn to survive in and productively interact with the new
organ. These interactions are the subject of Part 4 on “Gaining New Ground:
Metastasis and Stromal Cell Interactions.”

It opens with the discussion of NM23 as a metastasis inhibitor. Chapter 11
by Drs. Rajeev Kaul, Masanao Murakami, Pankaj Kumar, and Erle Robertson
describes the gene “first cloned from a murine melanoma cell line wherein its
expression correlated inversely with metastatic potential.” How this intracellular
nucleoside-binding protein suppresses metastatic spread is still incompletely under-
stood. However, consistent with the mouse model studies, the allelic deletions of
the nm23-H1 variant “have been associated with a more aggressive behavior in
colorectal cancers.”

We have a somewhat better understanding of another long-known metastasis
gene, c-MET, which is the receptor tyrosine kinase activated by hepatocyte growth
factor (HGF) a.k.a. Scatter Factor (SF). The HGF/SF-Met axis, described in detail in
Chapter 12 by Drs. Mandira Ray, JG Garcia, and Ravi Salgia, appears to be genet-
ically altered in papillary renal carcinomas (a relative of the von Hippel-Lindau
disease). Interestingly, its role in metastasis in vivo is not limited to literally pro-
moting tumor cell “scattering.” One additional example is the involvement of c-Met
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signaling in tumor angiogenesis; hence the renewed interest in therapeutic target-
ing of this pathway in renal cell carcinomas, lung cancers, and other solid and
hematopoietic tumors.

In addition to properties intrinsic to tumor cells (e.g., enhanced motility), extra-
cellular milieu has to be conducive to metastatic spread as well. Drs. Antoni
Xavier Torres-Collado and Luisa Iruela-Arispe, in Chapter 13, point out that “tumor
expansion requires . . . destruction of parenchyma and remodeling of the extracel-
lular matrix . .. [which] is greatly assisted by the catalytic activity of extracellular
proteases.” Chapter 13 focuses on the proteases of the adamalysin family: the
membrane-anchored ADAMs (a disintegrin and metalloprotease) and the secreted
ADAMTSs (a disintegrin and metalloprotease with thrombospondin repeats). The
rather counterintuitive finding of recent years was the identification of inactivating
mutations in adamalysin family members in various tumors. However, this discov-
ery is consistent with the realization that ADAM and ADAMTS protein play several
inhibitory roles in cancer progression, which are reviewed by Torres-Collado and
Iruela-Arispe.

Chapters 14 and 15 of Part 4 deal directly with the interactions between
tumor and stromal cells. Chapter 14 by Drs. Michele Jacob and Ellen Puré
states that platelet-derived growth factor, or PDGF, “is one of the most potent
chemoattractants and activators of fibroblasts, stimulating their differentiation into
myofibroblasts, which represent a prominent stromal cell type in carcinomas.” Not
surprisingly, PDGF is affected by mutations in dermatofibrosarcoma protuberans
and aberrant PDGF signaling in carcinomas is a well-recognized phenomenon.
While it definitely assists in recruitment of tumor-associated fibroblasts (TAFs),
mechanisms of tumor promotion by TAFs are diverse and at times non-linear.
The chapter ends with the discussion of the topic of considerable controversy:
whether TAFs themselves accumulate specific mutations, for example in the
TP53 gene.

The complementary contribution by Drs. Qinghua Zeng and Boris Pasche in
Chapter 15 is concerned with alterations in TGFf signaling in both neoplastic and
stromal cells. While mutations in TGFp itself do not appear to occur in cancer, “type
I and II TGF receptors and their downstream effectors SMADs are often targeted
by oncogenic events.” The authors present compelling evidence (much of it coming
from their own laboratory) that at least in mice abrogation of TGFp signaling within
the stromal fibroblasts is accompanied by changes in the epithelial compartment and
the development of invasive squamous cell carcinomas. Moreover, to the extent that
TGFB signaling is a potent negative regulator of the immune system, its loss in the
immune cells can lead to chronic inflammation and thus create a pro-tumorigenic
environment.

This logically brings us to Part 5 entitled “Getting Attention: Immune
Recognition and Inflammation.” Drs. Antonia Sepulveda and John Lynch in Chapter
16 pick up where Zeng and Pasche in Chapter 15 left off and most thoroughly
review the connection between inflammation and cancer using as a model colon car-
cinomas with microsatellite instability, owing to defects in DNA mismatch repair.
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The authors ask not only “how the induction of MSI leads to the increased inflam-
matory response,” but also “how chronic inflammatory processes provoke genetic
instabilities that lead to the development of cancer.”

The second key aspect of the interplay between cancer and immunity is that
tumors readily arise in the immune system itself. Still, they often remain depen-
dent on normal stroma for both antigenic stimulation and microenvironmental cues.
Chapter 17 by Drs. Murali Gururajan and Subbarao Bondada reviews the evi-
dence that stimulation of the B-cell receptor (BCR) in B-lymphomas substantively
contributes to tumor cell proliferation. This idea is supported by several lines of evi-
dence. One is the existence of gain-of-function mutations in the Pax5 gene, which is
required for BCR signaling. Another is the retention of somatically hypermutated,
high-affinity BCR alleles even when the other allele is inactivated due to oncogenic
translocations (e.g., [gH-Myc).

In parallel, chronic myelogonous and acute lymphoblastic leukemias are known
to carry the so-called Philadelphia chromosome (Ph), with its characteristic gain-
of-function translocation resulting in the expression of the Ber-Abl fusion protein.
Drs. Lin Wang, Heather O’Leary, and Laura Gibson in Chapter 18 demonstrate that
“while high, constitutive Abl kinase activity is thought to be the driving force in
initiation and progression of leukemic disease, the bone marrow microenvironment
also plays a pivotal role in maintaining Ph+ leukemic stem cells. The salient exam-
ple of this interplay is the propensity of Ber-Abl “to drive expression of VE-cadherin
expression at the hemangioblast stage from which both tumor and endothelial
populations may be derived.”

As editor, I envisioned that Part 6, “Putting it all together,” would deal with the
following two notions. The first one is that while individual mutations described in
this book can profoundly alter tumor milieu on their own, the naturally occurring
tumors tend to utilize multiple strategies that complement and sometimes dupli-
cate each other. Hence, Chapter 19 by Drs. Himabindu Gaddipati and Meenhard
Herlyn demonstrates what it takes to “construct” a malignant melanoma. Melanoma
microenvironment-related genes under review in their submission (or at least
their close relatives) have all been featured in the preceding chapters: the recep-
tor tyrosine kinase c-Kit, N-Ras, B-Raf, B-catenin, PI3 kinase, Akt3, Ink4a, Arf,
and Pten.

The second notion, amply illustrated in Chapter 20 by Drs. Kathleen Sprouffske
and Carlo Maley, is that while mutations in microenvironment-friendly genes like
PDGFB, CDHI, TGFBR1, KRAS might have arisen independently, they certainly
function together and co-evolve, to yield the final product called the malignant
tumor. To wit, “these interactions could increase the rate of progression to malig-
nancy if two clones may independently acquire different hallmarks of cancer rather
than waiting for one clone to accumulate all the hallmarks itself.” On the thera-
peutic side, the authors envision that “decreasing the heterogeneity of the tumor
environment will slow the evolution of new clones and the opportunities for tumori-
genesis.” Our shared hope is that this book will assist current and future researchers
in achieving this goal.
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Part I1
Breaking Away:
Epithelial-Mesenchymal Transition



Chapter 2
PI3K/AKT Pathway and the
Epithelial-Mesenchymal Transition

A. Bellacosa and L. Larue

Cast of Characters

The catalytic subunit of the phosphatidylinositol 3-kinase (PIK3; EC 2.7.1.137)
is one of the most frequently mutated gene in human cancers, as is its inhibitor
PTEN. By some estimates, PIK3CA carries gain-of-function mutations in 32% of
colorectal cancers, 36% of hepatocellular carcinomas, 36% of endometrial carci-
nomas, 25% of breast carcinomas, 15% of anaplastic oligodendrogliomas, and 5%
of medulloblastomas and anaplastic astrocytomas (recently reviewed in Velculescu,
2008). Similarly, spontaneous mutations in PTEN are found in 50% of endome-
trial cancers, 30% of glioblastomas, 10% of prostate, and 5% of breast carcinomas.
Moreover, inherited mutations in PTEN lead to a variety of conditions, such as
Cowden syndrome, which are associated with an increased risk of cancer (recently
reviewed in Keniry and Parsons, 2008). In addition, frequent alterations and hyper-
activation of AKT kinases have been described in almost every tumor type studied
(reviewed in Bellacosa et al., 2005; Brugge et al., 2007). While many of the
downstream effectors of the AKT pathway are involved in cell autonomous pro-
cesses (i.e., cell cycle and apoptosis), the following chapter will focus on the
implications of aberrant AKT signaling for epithelial-mesenchymal transition, in
particular on the PI3K-AKT-NF-kB—Snail pathway with emphasis on E-cadherin
regulation.

Introduction
Epithelial-mesenchymal transition (EMT) is a major developmental process during

which epithelial cells develop mesenchymal, fibroblast-like properties, increased
motility, and reduced intercellular adhesion. There is growing evidence that

A. Bellacosa (X)

Human Genetics Program, Epigenetics and Progenitor Cells Program, Fox Chase Cancer Center,
Philadelphia PA, USA; Laboratory of Developmental Therapeutics, Regina Elena Cancer Center,
Rome, Italy

e-mail: alfonoso.bellacosa@fccc.edu

A. Thomas-Tikhonenko (ed.), Cancer Genome and Tumor Microenvironment, 11
DOI 10.1007/978-1-4419-0711-0_2, © Springer Science+Business Media, LLC 2010
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Fig. 2.1 Model of the regulation of E-cadherin transcription by the PI3K/AKT signaling pathway

EMT-like events are central to tumor progression and malignant transformation,
endowing the incipient cancer cell with invasive and metastatic properties. Several
oncogenic pathways (peptide growth factors, Src, Ras, Ets, integrin, Wnt/p-catenin,
and Notch) induce processes characteristic of EMT, such as downregulation of
the cell adhesion molecule and obligate epithelial marker E-cadherin. EMT also
now appears to involve activation of the IGF/IGF-1R—phosphatidylinositol 3’-kinase
(PI3K)/AKT-NF-kB—Snail-E-cadherin axis (Fig. 2.1), which is discussed in the
following pages and also Chapter 3.

EMT Definition

EMT was first defined based on morphological features, but currently, morphologi-
cal, cellular, and molecular factors are also included. Any analysis of EMT requires
consideration of the defining features of epithelium and mesenchyme, the start and
endpoints of the transition. One fundamental issue is whether the transition involves
an abrupt or a gradual passage from one state to the other. Deployment of EMT cer-
tainly requires and involves several modifications of the cells, so the transition may
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appear to be abrupt or gradual depending on the degree of accuracy or precision that
is applied, for technical or other reasons.

Epithelial cellular characteristics as determined in various in vivo or in vitro
systems can be classified into five groups: (a) cohesive interactions among cells,
allowing the formation of continuous cell layers; (b) presence of three types of mem-
brane domains (apical, lateral, and basal); (c) presence of tight junctions between
apical and lateral domains; (d) polarized distribution of the various organelles and
components of the cytoskeleton; and (e) near immobility of cells in the local epithe-
lial microenvironment. Based on these properties, epithelia perform three types of
function: they form large surfaces for exchange (e.g., the alveolar epithelium in the
lung for gaseous exchange), and this includes the creation of cavities by epithelial
layer folding (e.g., the intestine and the neural tube); the separation of biological
compartments with the selective permeability of the cells, ensuring different ionic
compositions of the compartments; and trafficking macromolecules by absorption,
transcytosis, and vectorial secretion.

A major property allowing the formation and the maintenance of an epithelium
is adhesion: cell-cell adhesion, between the sides of the cells, and cell-matrix
adhesion, mostly involving the basal surfaces of the cells. Cell-cell adhesion
is a defining characteristic of epithelia, ensuring tissue cohesiveness, whereas
other cell types, including mesenchymal cells, may also express cell-matrix adhe-
sion. Epithelial cell-cell adhesion systems are multiple — gap junctions, adherens
junctions, desmosomes, and tight junctions — and involve different families of
proteins.

Mesenchymal architecture is unlike the supracellular epithelial organization and
in fact mesenchymal cells have various characteristics: (a) loose or no interaction
between cells, and consequently no continuous cell layer is formed; (b) there are
no apical and lateral membranes; (c) the distribution of the cytoskeletal organelles
and components is not polarized; and (d) the cells are motile and in some cases
invasive. Mesenchymal functions include support and nutrient supply; also mes-
enchymes may be transitory intermediates during the formation of an epithelial
structure from another epithelial structure — mesenchymal to epithelial transition
or MET — during development and cancer progression. Nevertheless, mesenchymal
architecture can be durable.

In summary, it is the tightness of cell—cell junctions that determines epithe-
lial organization. Cell—cell adhesion is dependent on transmembrane glycoproteins,
including E-cadherin, a typical epithelial marker. If cells do not have an epithelial
status, they are, by default, mesenchymal.

EMT During Development and Cancer

During early mammalian embryonic development, there are interconversions
between epithelium and mesenchyme, the first MET being the formation of the
trophectoderm during preimplantation and the first EMT being the formation of the
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mesoderm during gastrulation. Mouse mutants have been largely uninformative with
regard to PI3K/AKT signaling during early development, but cadherin regulation is
clearly involved in early development (Larue et al., 1996). There are further EMT
conversions during subsequent embryonic development, some associated with major
developmental milestones: the formation of neural crest cells from the neural tube
on embryonic day 8 (ES8); the formation of the atrial and ventricular mesenchymal
septa from the endothelium during heart development on ES8; the formation of the
sclerotome from somites on E9; the formation of coronary vessel progenitor cells
from the epicardium around E10-11; the formation of palate mesenchymal cells
from the oral epithelium on E13.5; and the formation of mesenchymal cells dur-
ing regression of the Mullerian tract on E15. Although regulated differently, these
EMT are associated with common events, but the role of PI3K and AKT in these
processes remains unclear.

Normal development involves highly regulated spatial and temporal master
plans, whereas pathological processes, and in particular transformation, are char-
acterized by stochastic and time-independent sequences of events and some events
failing to occur. EMT associated with tumorigenesis may increase the motility and
invasiveness of cancer cells, and malignant transformation may involve activation of
signaling pathways promoting EMT (Boyer et al., 2000). During tumor progression,
there is activation of various processes associated with EMT and resembling those
occurring in normal development. Nevertheless, normal EMT and physiopatholog-
ical EMT differ in important ways. The molecular program leading to EMT during
tumor progression is based on amplification of a restricted set of the components of
complete developmental EMT. This may be because oncogenic signaling associated
with tumorigenesis involves fewer signal transduction pathways.

IGF and EMT

General Functions of IGF

Insulin-like growth factors (IGFs) are peptide ligands that bind to the insulin recep-
tor (IR), the IGF-I receptor (IGF-1R), and the IGF-II receptor (IGF-2R). IR and
IGF-1R are both receptor protein tyrosine kinases (RPTK) with intrinsic tyro-
sine kinase activity and structures similar to that of the classic epidermal growth
factor receptor. Structurally related, secreted proteins called IGF-binding proteins
(IGFBPs) modulate the biological effects of IGF ligands (but not insulin) and are
found in the blood and extracellular spaces. IGFBPs bind to IGFs with affinities sim-
ilar to those for their receptors. Thus, IGFBPs regulate the bioavailability of IGFs
by increasing their longevity, facilitating their transport, and promoting/inhibiting
IGF binding to their receptors.

IGFs contribute to various cellular mechanisms including cell growth and cell
division, antiapoptotic signaling, invasion, differentiation, migration, and EMT. In
particular, phenotypic analysis of genetically engineered mice showed that IGFs are
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involved in growth control: the relevant mutant mice display somatic undergrowth.
Disruption of the IGF-II gene results in a birth weight that is only 60% of that of
wild-type mice. Disruption of the IGF-1R gene results in a birth weight that is 45%
of that of wild-type littermates. The embryo birth weight of IGF-II and IGF-1R gene
double mutants is 30% of that of wild-type littermates. Phenotypic analysis suggests
that /GF-1I signals through an alternative receptor, also an IR.

IGFs have powerful mitogenic effects on many cell types, and this may explain,
at least in part, these phenotypes. IGFs stimulate cell growth and cell division of
numerous cell types both in vivo and in vitro (granulosa, granulosa-luteal cells,
Sertoli, Leydig, prostate epithelial, bladder urothelial, smooth and skeletal muscle
cells, and also spermatogonia, astrocytes, and osteoblasts). IGFs also regulate apop-
tosis and thereby cell number; most IGFs are antiapoptotic and are consequently
classified as survival factors. IGFs are thus generally mitogenic and IGF signal-
ing is dysregulated in various cancer cells; these observations have led to the view
that inappropriate activation of the IGF pathway may be central to carcinogenesis.
IGFs are also implicated in physiological invasion mechanisms during development,
such as trophoblast invasion of the endometrium during implantation (Rosenfeld and
Roberts, 1999).

Surprisingly, IGF promotes the acquisition or the maintenance of the differenti-
ated state of some cell types; it stimulates differentiation of skeletal muscle cells and
Leydig cells, modulates androgen production by Sertoli and Leydig cells, and pro-
motes neuronal differentiation and myelinization of the central and peripheral neural
systems. Therefore, although proliferation and differentiation are widely considered
to be two mutually exclusive cellular states, both are stimulated by IGF. Note that
these activities are not incompatible with induction of EMT by IGFs.

IGFs Induce EMT

Various in vitro models, notably NBT-II, MDCK, and MCF7 cell lines and
embryonic stem cells, have been used to study the effects of IGFs on cell—cell
adhesion.

If not stimulated by IGFs and insulin, NBT-II, MDCK, and MCF7 cells have
standard epithelial cell morphology: polarized and tightly attached to each another.
Treatment of NBT-II, MDCK, and MCF7 cells with IGF results in loss of cell—-
cell contacts, and the cells flatten and spread. Embryonic stem (ES) cells, which
are tightly cohesive, undergo the same morphological changes upon IGF treatment,
whereas mesenchymal NIH-3T3 cells do not. These morphological modifications
appear rapidly after exposure to IGF (typically within 1 h) and are not associated
with cell division.

Various molecular events accompany the loss of cell-cell contacts: (i) the rapid
internalization of E-cadherin and desmoplakin, leading to the disruption of junc-
tional complexes (adherens junctions, desmosomes, and particularly gap junctions)
and (ii) the expression of the mesenchymal-specific marker vimentin after 4 days
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of IGF treatment. The cellular and molecular modifications caused by IGF are thus
typical of standard EMT. If IGF is removed, NBT-II cells revert to an epithelial mor-
phology within 24 hours, and E-cadherin relocalizes to cell—cell contacts (Morali
et al., 2001); in other words, the IGF-induced transition is reversible.

Minimally, EMT is characterized by tightly attached and polarized epithelial cells
becoming a set of loosely attached and nonpolarized mesenchymal cells. Full-blown
EMT also involves cell motility. IGF can induce migration of some epithelial cells,
for example, MCF7 (Guvakova et al. 2002) and melanoma cells (Li et al., 1994),
but not others, for example, NBT-II cells (Morali et al., 2001). Whether IGFs induce
minimal or complete EMT seems therefore to depend on the cell type.

IGF-IR and EMT

IGF-1R is a RPTK (for reviews, see Ullrich and Schlessinger, 1990; Schlessinger,
2000; Favelyukis et al., 2001) that binds IGF; such binding activates several signal-
ing pathways (see below), and the diversity of the biological effects of IGFs may be
a consequence of this multiplicity of signaling pathways. Five families of cytoplas-
mic proteins interact with IGF-1R and transmit the outside signal to the cytoplasm:
(1) the large Grb family of adaptor proteins containing SH2 (Src homology 2) and
SH3 domains; (2) the adaptor protein SHC, with SH2 domains and also numerous
tyrosines susceptible to phosphorylation by IGF-1R; (3) the Crk family (Crk-I, Crk-
II, and Crk-L) of adaptor proteins, containing both SH2 and SH3 domains; (4) the
IRS family of adaptor proteins containing a PTB (phosphotyrosine binding) domain,
a tyrosine-rich C-terminal region, and a PH domain, but no SH2 domain (note that
IRS-1 and IRS-2 are rapidly phosphorylated by activated IGF-1R); and (5) class
I PI3K, a heterodimer consisting of a regulatory subunit, p85, and a lipid kinase
catalytic subunit, p110.

A constitutively activated IGF-1R (CD8-IGF-1R) has been expressed in
MCF10A breast carcinoma cells, and as expected in view of the activities described
above, caused EMT (Kim et al., 2007); in wound-healing and trans-well chamber
assays, these cells migrated efficiently and, as assessed using a BD Matrigel invasion
chamber, were highly invasive.

Downstream of IGFR

PRL-3 and EMT

Tyrosine phosphatase 4a3 (Ptp4a3 or PRL-3), a 22-kDa protein, is expressed in
various tissues both during development and in the adult. Its primary function con-
cerns cell growth (Matter et al., 2001). Two lines of evidence have implicated
PRL-3 in EMT: its interaction with integrin ol and its regulation by growth fac-
tors and growth factor receptors (Peng et al., 2006). However, induction of IGF-1R
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by IGF has not been demonstrated to regulate PRL-3. PRL-3 expression is high
in various metastatic cancers (colorectal, breast, ovary, melanoma) and higher in
metastatic vs. nonmetastatic tumors of colon, liver, lung, brain, and ovary (Saha
et al. 2001; Bardelli et al. 2003). PRL-3 expression promotes cell migration, tumor
angiogenesis, invasion, and metastasis in cell culture models, such as the Chinese
hamster ovary cancer (CHO), human breast cancer (MCF-7), and murine B16
melanoma (Zeng et al., 2003; Wu et al., 2004). Inversely, the growth of ovarian
cancer cells is inhibited by RNA interference-mediated downregulation of PRL-3
(Polato et al., 2005).

Thus, PRL-3 is a metastasis-associated phosphatase that may acts as an upstream
regulator of PTEN (Wang et al., 2007a).

PTEN and EMT

Phosphatase and tensin homolog (PTEN) is a lipid and protein phosphatase that
inhibits diverse signaling pathways and biological processes via its lipid phos-
phatase activity on the 3’ phosphate of phosphatidylinositol (PtdIns)(3,4,5)P3 and
PtdIns(3,4)P2. PtdIns(3,4,5)P3 and PtdIns(3,4)P2 are elements of the PI3K/AKT
signaling pathway and have various cellular functions (see below).

PTEN is involved in proliferation, angiogenesis, and cell survival (Stambolic
et al., 1998; Sun et al., 1999; Hamada et al., 2005). Although there is no direct
evidence for a major contribution of PTEN to EMT in mammals, it affects cell
migration. Indeed, murine embryonic fibroblasts (MEFs) migrate faster in vitro
in the absence of PTEN (Liliental et al., 2000). Expression of exogenous PTEN
in PTEN-null MEFs, or in aggressive colon or prostate carcinoma cell lines, sub-
stantially inhibits migration (Tamura et al. 1998; Liliental et al. 2000; Chu and
Tarnawski 2004).

AKT is the best known downstream target of PTEN and may be its main effector
in EMT; however, the specific molecular mechanisms connecting PTEN to AKT in
mammals have not been investigated. PTEN mutants have been used in an elegant
study demonstrating the importance of PTEN and its lipid and protein phosphatase
activities in chicken, at the gastrulation stage of development (Leslie et al. 2007).
During gastrulation, some ectodermal cells in the primitive streak undergo EMT and
migrate away to produce mesodermal cells. These cells then migrate back toward the
midline. Cells from the primitive streak can be grafted into a different embryo before
outward migration. Consequently, the donor cells can be manipulated genetically
after initial and appropriate electroporation of donor chicken embryos and before
grafting. This allowed the demonstration that the protein—phosphatase activity, but
not the lipid—phosphatase activity, of PTEN in these cells was involved in EMT
during early gastrulation. The lipid—phosphatase activity may affect cell polarity
and directional cell migration later during gastrulation. If AKT is regulated by the
lipid—phosphatase activity, but not the protein—phosphatase activity, of PTEN, it is
presumably not involved in early mesodermal EMT in chicken. However, work with
other model systems suggests that AKT is involved in EMT.



18 A. Bellacosa and L. Larue

PI3K and AKT

Biochemical Mechanisms

Direct binding of p85, the regulatory subunit of PI3K, to the tyrosine-
phosphorylated forms of IGF-1R and IRS-1 triggers tyrosine phosphorylation and
consequently a conformational change of p85, activating p110, the PI3K catalytic
subunit. It should be noted that Ras-GTP can activate p110 directly (Kodaki et al.
1994; Rodriguez-Viciana et al. 1996).

Active PI3K phosphorylates the 3’-OH group of the inositol ring of
phosphatidylinositol (PtdIns), PtdIns(4)P, and Ptd(4,5)P to produce Ptd(3)P,
PtdIns(3,4)P,, and PtdIns(3,4,5)P3 (also called D3-phosphorylated phosphoinosi-
tides), respectively. Amphipathic PtdIns(3,4)P, and PtdIns(3,4,5)P3 molecules
bind to proteins containing a pleckstrin homology (PH) domain. Serine/threonine
kinases, including AKT1, -2, and -3 (also known as PKB alpha, beta, and gamma,
respectively), and PDK1 (phosphatidylinositol-dependent kinase 1), translocate to
the cell membrane upon binding to these D3-phosphorylated phosphoinositides.
AKT is then appropriately localized for phosphorylation of its threonine 308 by
PDKI1 and serine 473 by PDK2. The identity of PDK?2, the kinase(s) responsible
for Ser-473/474 phosphorylation, has been the subject of debate (Chan and Tsichlis,
2001). AKT phosphorylated on T308 and S473 is fully active.

AKT kinases phosphorylate diverse molecules at threonine or serine residues
with different functional outcomes, stimulatory or inhibitory. For instance, AKT
family members regulate the activity of several transcription factors, notably CREB
(cAMP-response element-binding protein), members of Forkhead family, and Ets-
2. AKT phosphorylation of CREB stimulates CREB-dependent transcription (Du
and Montminy, 1998), whereas AKT phosphorylation of FKHR (Forkhead in rhab-
domyosarcoma) and FKHRL1 (Forkhead in rhabdomyosarcoma-like 1) inhibits
CREB-dependent transcription (Brunet et al. 1999; Tang et al. 1999). Ets-2-
dependent transcription is activated when Ets-2 is phosphorylated by JNK-2 in cells
in which AKT is also activated (Smith et al. 2000).

Ras-mediated reorganization of the actin cytoskeleton and cell migration also
depends on PI3K. Indeed, some membrane lipid targets of PI3K regulate (i) the
activity and structure of actin-binding proteins and (ii) the GTPase Rac, thereby
controlling membrane folding.

General Functions of AKT

AKT promotes cell cycle progression, cell survival, and tumor cell invasion (Testa
and Bellacosa 2001). Interestingly, it also phosphorylates and inhibits GSK-38,
thereby, presumably, linking IGF and Wnt pathways.

Activated AKT kinases phosphorylate numerous substrates associated with cell
proliferation, survival, intermediary metabolism, and cell growth. The consensus
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sequence for AKT phosphorylation, RXRXXS/T, is found in most but not all these
substrates.

AKT stimulates proliferation in various ways. It phosphorylates and inhibits
glycogen synthase kinase 3B (GSK3g; the first AKT substrate identified) (Cross
et al. 1995) and thereby inhibits the degradation of cyclin D1 (Diehl et al.
1998); it also simultaneously upregulates translation (see below) of the cyclin D1
and D3 mRNAs (Muise-Helmericks et al. 1998). AKT phosphorylates the cell
cycle inhibitors p21WAF! and p27%iP! near their nuclear localization signal such
that they are retained in the cytoplasm, remaining inactive. In contrast, Mdm2
requires AKT phosphorylation for translocation to the nucleus, where it com-
plexes with pS3 promoting its ubiquitin/proteasome-mediated degradation (Testa
and Bellacosa 2001). Thus, several tumor suppressors, including p21WAFL p27Kip1)
and p53, are inhibited by AKT, and this is specular to inhibition of the oncogenic
PI3K/AKT axis by the tumor suppressor PTEN. Inhibition of p53 function is par-
ticularly relevant to the control of cell cycle checkpoints associated with DNA
damage.

AKT also acts through various mechanisms to generate survival signals that
prevent programmed cell death (Testa and Bellacosa 2001; Franke et al. 2003).
It phosphorylates the proapoptotic factor BAD, and thereby stops cytochrome ¢
from being released from mitochondria, and also phosphorylates (pro)caspase 9,
thereby inhibiting the consequences of cytochrome c release. PED/PEAI1S, a
cytosolic inhibitor of caspase-3, is also phosphorylated and stabilized by AKT
(Trencia et al. 2003). AKT kinases deliver antiapoptotic signals involving pos-
itive and negative transcriptional mechanisms. AKT phosphorylation restricts
nuclear entry of transcription factors of the Forkhead family, as it does for
p21WAFL and p27KiPl preventing transcription of proapoptotic genes: Fas ligand,
BIM, TRAIL, and TRADD. It phosphorylates and activates IkB kinase (IKK),
causing degradation of IkB, and consequently stimulates translocation of NF-
kB to the nucleus and transcription of BFLI, cIAPI, cIAP2, all antiapoptotic
genes. AKT also phosphorylates and inactivates the apoptosis signal-regulating
kinase, ASK1.

AKT kinases are also involved in intermediary metabolism, and in particular glu-
cose metabolism. It phosphorylates and inactivates GSK3, resulting in increased
glycogen synthesis. Note that GSK3 is also involved in the Wnt/wingless path-
way that includes B-catenin and the tumor suppressor APC. Although AKT may
thus interact with this pathway, any such interaction is probably indirect and
very complex (Grille et al. 2003). Following insulin stimulation, glucose trans-
port is increased by AKT phosphorylation of the glucose transporters GLUT1
and GLUT4, and their translocation to the membrane (Kohn et al. 1996), whereas
AKT phosphorylation of phosphofructokinase stimulates glycolysis (Deprez et al.
1997). The relationship between the metabolic consequences of AKT activation
and its antiapoptotic functions is complex (Gottlob et al. 2001; Plas et al. 2002),
and AKT regulation of cell growth also reveals interplay between different AKT
functions.



20 A. Bellacosa and L. Larue

Work with animal models implicated AKT kinases in the control of cell growth.
Cells grow (defined here as an increase in cell size rather than cell number)
in response to increased availability of nutrients, energy, and mitogens. mTOR,
the mammalian target of rapamycin, is a kinase downstream from PI3K that
mediates cell growth pathways by stimulating protein synthesis. mTOR phospho-
rylates directly or indirectly two targets with immediate effects on translation:
p70 ribosomal protein S6 kinase (p70 S6K) and eukaryotic initiation factor
4E-binding protein 1 (4E-BP1). p70 S6K phosphorylates the ribosomal protein S6,
thereby increasing translation of mRNAs containing 5'-terminal oligopolypyrimi-
dine (5'TOP) tracts. In contrast, phosphorylation of 4E-BP1 relieves inhibition of
the initiation factor eIF4E such that the efficiency of cap-dependent translation is
increased (Ruggero and Pandolfi, 2003).

mTOR is clearly activated downstream from AKT, but the activation mecha-
nism has not been established. Although mTOR is a direct target of AKT in vitro,
mTOR activation by AKT in vivo may be very complex. The tuberous sclero-
sis (TSC) 2 protein is one of the numerous targets of AKT signaling. Tuberous
sclerosis complex, a hereditary disorder characterized by the formation of hamar-
tomas in various organs, iS a consequence of mutations in either 7SCI or TSC2
tumor suppressor genes. The TSCI and TSC2 proteins form a complex in vivo,
and the complex inhibits signaling by mTOR, possibly through TSC2 GTPase-
activating protein (GAP) activity toward the Ras family small GTPase Rheb. TSC2 —
one of many tumor suppressors antagonized by AKT - is phosphorylated and
inhibited by AKT signaling (Inoki et al. 2002; Potter et al. 2002); this destabi-
lizes TSC2 and disrupts its interaction with TSCI, leading to the activation of
the mTOR/p70 S6 kinase/eIF4E pathways. Consequently, mTOR is a potential
target for chemopreventive or chemotherapeutic treatment of tuberous sclerosis
patients.

The mTOR pathway is activated in many human tumors, suggesting that tumori-
genesis is associated with abnormal regulation of nutrient availability. However,
cell size in tumors is rarely larger than that in normal tissues. Consequently, the
abnormal activation of the AKT/mTOR pathway in tumors may be further evi-
dence of interplay between different functions. Indeed, there is recent evidence
that the mTOR/eIF4E pathway can provide an antiapoptotic signal, in addition to
growth/translation control. It is also plausible that mTOR promotes chromosomal
instability which is then selected during tumorigenesis (Aoki et al. 2003).

AKT phosphorylates and activates other targets implicated in cancer, includ-
ing nitric oxide synthase (that promotes angiogenesis) and the reverse transcriptase
subunit of telomerase (that stimulates unlimited replicative potential).

The number of known AKT substrates is growing but it is still not clear whether
each of the various members of the AKT family has their own substrates or whether
the specificities of AKT1, -2 and -3 are determined by their tissue distribution,
temporal expression, or upstream activation. However, work on AKT activation
using human cancer and animal models suggests that the family members are
not completely redundant and may be differentially activated/inactivated in various
physiological and disease states.



2 PI3K/AKT Pathway and the Epithelial-Mesenchymal Transition 21
AKT and EMT

It has become evident that EMT is one of the many cellular processes subject to
AKT kinase regulation. EMT driven by activated AKT (Grille et al. 2003) involves
loss of cell-cell adhesion, morphological changes, loss of apico-basolateral cell
polarization, induction of cell motility, reduced cell-matrix adhesion, and changes
in the production or the distribution of various proteins. For example, desmoplakin,
a protein involved in the formation and maintenance of desmosomes, is internalized,
and vimentin, an intermediate filament protein found in many mesenchymal cells, is
induced. AKT also induces production of metalloproteinases and cell invasion (Kim
et al. 2001; Park et al. 2001; Irie et al. 2005).

GSK3 and EMT

Glycogen synthase kinase-3 (GSK-3) is a ubiquitously expressed protein serine
kinase. It participates in glycogen metabolism and in both the Wnt/B-catenin and
the PI3K/AKT signaling pathways; it has antiapoptotic and proliferative activities
(Hoeflich et al. 2000) and is involved in differentiation and morphogenesis (Hoeflich
et al. 2000; Tang et al. 2003).

GSK3 is also involved in EMT (Bachelder et al. 2005): treatment with a specific
GSK3 inhibitor (SB415286) causes an EMT in human epithelial breast cancer cells
(MCF10). Genetic inhibition of GSK3 activates Snail transcription in both MCF10
and human keratinocyte cells (HaCaT) (Zhou et al. 2004; Bachelder et al. 2005);
pharmacological inhibition of GSK3 in HaCaT cells leads to the activation of NF-kB
through IkB

From AKT to NF-kB

General Functions of NF-kB

The protein NF-kB is a transcription factor that binds to the DNA sequence
gggACTTTCC that was originally found in the intronic enhancer of the
immunoglobulin k light chain in B cells. Through its stimulation of the transcription
of various genes, including c-myc, Ras, and p53, NF-kB participates in numerous
aspects of cell growth, survival, differentiation, and proliferation. However, one of
its major known functions is in stress, injury, and especially immune responses.
NF-kB is central to tumorigenesis, mainly in solid tumors, in which it is consti-
tutively active and controls the expression and function of a number of pertinent
genes (Pacifico and Leonardi, 2006). Active NF-kB switches on the expression of
genes that promote proliferation and protect cells from proapoptotic conditions that
would otherwise cause them to die. NF-kB can be constitutively active, and this
is the consequence of mutations in genes encoding the NF-kB transcription factors
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themselves and in genes that control NF-kB activity (such as IkB genes) or is a
consequence of constitutive and abnormal secretion of NF-kB-activating factors.

NF-kB and EMT

NF-kB can induce EMT in breast, bladder, and squamous carcinoma cell lines
(Huber et al. 2004; Chua et al. 2007; Julien et al. 2007; Wang et al. 2007b), and the
induction is either indirect (Wang et al. 2007a) or direct (Chua et al. 2007; Julien
et al. 2007). Indirect activation of EMT by NF-«kB has been described in estrogen
receptor (ERa)-negative breast cancer cells, and in particular MDA-MB-231 cells.
In association with c-Jun/Fra-2, p5S0-p65 NF-«kB stimulated the expression of RelB,
and this induction of RelB led to the induction of Bcl-2; Bcl-2 then suppressed
radiation-induced apoptosis and induced EMT. More direct activation of EMT by
NF-kB is found in various cell lines, although the pathways involved, while sharing
the same end target — the E-cadherin gene, were not all based on the induction of
the same intermediate transcription factor (Snail or ZEB-1/ZEB-2).

Snail and Related Transcription Factors in EMT

Snail is a zinc finger transcription factor and the Snail family also includes Slug (also
called Snai2) and Smuc (or Snai3 or Zfp293). Snail is best known as a repressor of
transcription and it was identified as being essential for Drosophila development
and, in particular, correct gastrulation.

Snail and Slug (encoded by Snail and Snai2 genes, respectively) together
with the transcription factor Twist are involved in mesoderm formation. Snail
and E-cadherin expressions are inversely correlated. Abnormal Snail production in
numerous cell lines and primary tumors is associated with aggressiveness and loss
of E-cadherin expression (Birchmeier and Behrens 1994; De Craene et al. 2005).

Snail or Slug overproduction in vitro induces EMT (Batlle et al. 2000); and
repression of Snail RNA production is associated with E-cadherin upregulation and
MET. E-cadherin is subject to an interesting positive—negative regulation (Palmer
et al. 2004): it is positively regulated by 1,25(OH), D3 via the vitamin D receptor and
Snail can repress both E-cadherin and vitamin D receptor, so the balance between
vitamin D receptors and Snail may regulate E-cadherin levels (Palmer et al. 2004).
Phosphorylation of Snail by the p21-activated kinase PAK1 causes it to be retained
in the nucleus and stimulates its repressor activity (Yang et al. 2005). These various
observations indicate the complexity of E-cadherin regulation during EMT.

Sip1 (also known as ZFHX1B or SMADIP1) is a member of the delta EF1/Zthl
family of two-handed zinc finger/homeodomain proteins. It contains a Smad-
binding domain through which it interacts with full-length Smad proteins and may
therefore modulate EMT induction by the TGFp signaling pathway. Many patients
with mega-colon or Hirschsprung disease carry mutations in the Sip/ gene (Amiel
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and Lyonnet, 2001; Cacheux et al. 2001; Wakamatsu et al. 2001; Yamada et al.
2001; Van de Putte et al. 2003). Mice with targeted inactivation of Sipl have
been obtained. These mice present clinical features of Hirschsprung disease—mental
retardation syndrome: they fail to develop postotic vagal neural crest cells — the
precursors of the enteric nervous system affected in patients with Hirschsprung
disease — and display arrest in the delamination of cranial neural crest cells, which
form the skeletal muscle elements of the vertebral head; in the absence of Sip1, the
neural crest cells are not correctly delaminated. The delamination of neural crest
cells is a good example of EMT requiring cadherin downregulation.

E-cadherin and EMT

E-cadherin is one of the main effectors of EMT, and many details of the regulation
of E-cadherin signaling during EMT have been described. E-cadherin partici-
pates in both EMT and MET, and cells undergoing EMT necessarily downregulate
E-cadherin.

E-cadherin and Epithelial Cells

The detailed overview of this system is provided in Chapter 3. Briefly, this cell-cell
adhesion molecule is a calcium-dependent transmembrane glycoprotein. In partic-
ular, cadherin molecules associate at the cell surface in a Ca2+-dependent manner
through homophilic interactions, thus mediating cell-cell adhesion. It is found in
most epithelial cells in both embryonic and adult tissues, and is essential for normal
embryonic development and homeostasis. Consequently, there has been substan-
tial interest in its regulation. Generally, both the transcription and the translation of
cadherins are regulated, and the mechanisms include changes in subcellular dis-
tribution, translational and transcriptional events, and degradation. E-cadherin is
classified as a tumor suppressor for two reasons: its gene is silent in various carcino-
mas, and re-expression of a native form of E-cadherin in carcinomas in vitro reduces
the aggressiveness of tumor cells (Vleminckx et al. 1991). Further supporting its
classification as a tumor suppressor, germline mutations of the E-cadherin gene
(called CDH]) are associated with a syndrome of hereditary gastric and colorectal
cancer (Guilford et al. 1998; Suriano et al. 2003).

The loss of E-cadherin function observed in some human carcinomas is associ-
ated with the production of a defective protein or transcriptional silencing due to
promoter hypermethylation. Gene mutations, abnormal post-translational modifica-
tions (phosphorylation or glycosylation), and protein degradation (proteolysis) can
all lead to the production of a defective E-cadherin protein. Cases of E-cadherin
upregulation in tumor progression have also been reported (Kang and Massague
2004; Thiery and Morgan 2004) but only during intravasation and seeding of
metastatic cells.
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Alternatively, E-cadherin transcriptional repression may result from the activa-
tion of the repressors Snail, Slug, Sip1, and Ets. It is still not known how E-cadherin
is internalized/sequestered or the E-cadherin gene repressed, but it has been demon-
strated that AKT regulates E-cadherin mRNA and protein abundance (Grille et al.
2003). Two main types of consensus-binding sites have been shown to downregulate
E-cadherin expression: Ets sites and palindromic E-boxes (E-pal).

Moreover, the loss of expression of E-cadherin during development and transfor-
mation is often associated with increased expression of N-cadherin. The molecular
mechanisms underlying this widespread switch remain unclear.

E-cadherin Function Is Modulated by IGF

As mentioned above, IGF affects cell-cell adhesion. The cadherin/catenin complex
is undoubtedly a critical determinant for cell-cell adhesion and, as a consequence,
there has been substantial work on the signaling pathways that may link IGF-1R and
the cadherin/catenin complex.

IGF-1R Interacts Indirectly with E-cadherin and -catenin

As mentioned above, E-cadherin forms the physical link, resulting in cell-cell
adhesion by binding adjacent cell surfaces, thus allowing the formation of large
cellular networks and tissues. The cytoplasmic domain of cadherin binds to f-
catenin, which binds to a-catenin. As a result, the cadherin/catenin complex is
linked to the actin-based cytoskeleton. IGF-1R and E-cadherin are coexpressed
in most epithelial cells; they also appear to form a membrane-associated complex
as assessed by coimmunoprecipitation experiments (Guvakova and Surmacz 1997,
Morali et al. 2001). Immunoprecipitation experiments also indicate that the inter-
action of IGF-1R with E-cadherin, B-catenin, and a-catenin does not impede the
binding of cadherins to catenins. Presumably, there is a supra-molecular complex
composed of IGF-1R/E-cadherin/B-catenin/a-catenin on the surface of various cells.

Only the cytoplasmic domain of E-cadherin is required to interact with the
cytoplasmic domain of the IGF-1Rf subunit (Morali et al. 2001). However, protein—
protein interaction assays reveal that IGF-1R does not interact directly with either
E-cadherin or B-catenin (Morali et al. 2001). The molecules linking members of the
complex together have not been identified.

IGFs Redistribute Proteins of Adherens Junctions

Most E-cadherin and B-catenin are found at cell-cell contacts in epithelial cells not
exposed to IGFs, and IGF-1R is present both at cell-cell contacts and in the cyto-
plasm. Treatment with IGFs results in the redistribution of E-cadherin and IGF-1R
from the membrane to the cytoplasm, and E-cadherin becomes concentrated in a
halo around the nucleus. It has been demonstrated that E-cadherin constantly cycles
from the cytoplasm to the cell membrane and back (Bauer et al. 1998; Le et al.
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1999). If IGFs are extremely abundant, this equilibrium may be perturbed, and
E-cadherin is internalized more rapidly than it is readdressed to the membrane.

These various in vitro observations suggest that the expression of each IGF-II,
IGF-1R, and E-cadherin is correlated during gastrulation. At this stage, IGF-II is
mainly expressed by mesenchymal cells (mesoderm), E-cadherin is generally absent
from murine mesodermal cells (Butz and Larue, 1995), and IGF-1R is found at
the membrane of epithelial cells (ectoderm and endoderm) and in the cytoplasm of
mesodermal cells.

It has also been suggested that E-cadherin degradation, despite not being exten-
sive, is associated with IGF treatment (Morali et al. 2001). Indeed, a subset
of E-cadherin molecules partially colocalize with LAMP1 (lysosomal-associated
protein 1), an endosomal and lysosomal marker, consistent with E-cadherin being
degraded in LAMPI1-positive organelles. Thus, it appears that IGFs cause rapid
internalization of E-cadherin, leading to some degradation and sequestration in
vesicles near nucleus (Morali et al. 2001). This allows a simple model explaining
the reversibility of the EMT: as soon as IGFs are removed from the medium, stored
E-cadherin is rapidly readdressed to the membrane.

IGFs also determine the distribution of B-catenin. p-Catenin participates in
cell—cell adhesion and in signal transduction through the Wnt signaling pathway.
In the absence of Wnt, B-catenin is part of a complex containing GSK-3f (glyco-
gen synthase kinase-3f), APC (adenomatous polyposis coli), and axin. GSK-3p
phosphorylates B-catenin, which is then ubiquitinated and degraded by protea-
somes (Yost et al. 1996; Aberle et al. 1997). Wnt binding to Frizzled, its cell
surface receptor, activates the serine—threonine kinase Dishevelled (Dsh) (Yanagawa
et al. 1995; Axelrod et al. 1998; Karasawa et al. 2002). Dsh then phosphory-
lates GSK-3p and thereby inhibits its activity. Unphosphorylated B-catenin (which
cannot be degraded) accumulates in the cytoplasm and is translocated into the
nucleus (for review, see Novak and Dedhar 1999). In the nucleus, a complex of
B-catenin with TCF/LEF (T-cell factors/lymphoid enhancer factors) can induce or
repress the expression of numerous genes including Cyclin D1, c-Myc, T-Brachyury,
c-Jun, Fra-1, Matrix-Metalloprotease-7 (MMP-7), Fibronectin, Cyclo-oxygenase-2,
m-Mitf (melanocyte-specific microphthalmia transcription factor), receptors EphB2
and EphB3, and ephrin-B1 (He et al. 1998; Brabletz et al. 1999; Crawford et al.
1999; Gradl et al. 1999; Howe et al. 1999; Mann et al. 1999; Shtutman et al. 1999;
Arnold et al. 2000; Takeda et al. 2000; Batlle et al. 2002). Some of these genes are
expressed ubiquitously (e.g., cyclin DI) and others only in certain cell types (e.g.,
m-Mitf in the melanocyte lineage) (Amae et al. 1998; Fuse et al. 1999). IGF treat-
ment results in the translocation of B-catenin from the cell membrane to the nucleus
and of TCF3 from the cytoplasm to the nucleus (Morali et al. 2001). No single gene
known to be activated/repressed by P-catenin can induce an EMT. Note that not
all gene targets of B-catenin have been identified; some as yet unidentified target
gene(s) may be involved in EMT. Also, the IGF signaling pathway may induce the
expression of genes involved in EMT.

To conclude, IGFs induce a reversible EMT based on reducing the cell—cell adhe-
sion involving E-cadherin and the redistribution of the proteins associated with it.
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Indeed, IGF treatment causes (i) rapid delocalization of E-cadherin from cell—cell
contacts, (ii) disruption of the interaction between E-cadherin and p-catenin by
phosphorylation, (iii) induction of limited degradation of E-cadherin, (iv) activation
of genes via B-catenin/TCF, and, self-evidently (v) induction of the IGF signaling
pathway.

Other Regulators of E-cadherin

Ets-Binding Sites in the E-cadherin Promoter

An Ets-binding site has been identified at position -97 in the E-cadherin pro-
moter, and indeed, the expression of c-ets-1 in breast carcinoma cell lines induces
EMT, partly due to repression of the E-cadherin gene (Gilles et al. 1997; Rodrigo
et al. 1999). Ets binding to this region downregulates E-cadherin promoter activ-
ity in keratinocyte cell lines (Rodrigo et al. 1999). Ets factors, in addition to
being repressors of E-cadherin transcription, upregulate key mediators of invasive-
ness, including matrilysin, matrix metalloprotease, collagenase, heparanase, and
urokinase (reviewed in Shepherd and Hassell, 2001; Hsu et al. 2004).

E-cadherin E-boxes

E-boxes are widespread in genomic sequences. The human E-cadherin promoter
contains three E-box consensus sequences (CANNTG). Two are upstream from the
coding sequence and one is in exon 1. Snail, Slug, Sip1/Zeb2, and Zeb1 bind to these
E-boxes and repress E-cadherin transcription. Presumably, the E-cadherin gene is
tightly regulated by the binding of these various transcription factors to its E-boxes.

Conclusions

There has been substantial work on EMT over the last 20 years, and some of the
key molecular and cellular events involved have been identified. Also, the signaling
pathways mediating the critical events that make up EMT have been described. Our
improved insight into these molecular processes leading to and constituting EMT
provides the basis for clinical application. In particular, novel therapies involving
inhibition of EMT could be developed to prevent the various manifestations of can-
cer, and particularly local invasion and metastasis. A detailed understanding of the
EMT pathways, and their involvement in cell physiology in general, would undoubt-
edly be beneficial for rational development of therapies with minimal effects on
other cellular functions, and therefore minimal toxicity.
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Chapter 3
Loss of Cadherin—Catenin Adhesion System
in Invasive Cancer Cells

Wen-Hui Lien and Valeri Vasioukhin

Cast of Characters

As described in the previous chapter, the loss of E-cadherin is the key event
in epithelial-mesenchymal transition. While downregulation of E-cadherin could
occur via aberrant Akt signaling, direct somatic mutations in E-cadherin are fre-
quent in epithelial tumors such as diffuse-type gastric and lobular breast cancers,
where they can be found in up to 50% of primary neoplasms (Berx et al. 1998).
E-cadherin mutations were also observed in primary endometrial and ovarian car-
cinomas, albeit with a lower frequency (Risinger et al. 1994; Muta et al. 1996). The
consequences of these mutations for EMT and tumor cell invasion are discussed
below.

Introduction

Properly organized intercellular adhesion is critical for the assembly of all metazoan
organisms. Cell—cell adhesion is especially prominent in all epithelial tissues, where
it helps to seal the membranes of neighboring cells to generate a tissue that provides
a barrier function separating organisms from the environment and different com-
partments within the organism from each other. The majority of human tumors arise
in epithelial tissues and one of the most noticeable hallmarks of epithelial tumors
is the loss of highly ordered cellular organization. This is usually accompanied by
an abnormal focal increase in cell number and formation of a primary tumor. Most
of the tumors at this stage can be cured by surgical removal. However, when can-
cer cells spread beyond the primary tumor and establish metastatic foci in distant
organs, the cancer becomes essentially incurable. Thus, understanding of how and
why cancer cells disseminate throughout the body is one of the central questions
of cancer biology. Detailed knowledge of this process can result in development of
efficient targeted therapies that can prevent tumor metastasis and save lives.
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Metastasis is an extraordinarily complex process which involves such
physiologically dissimilar processes as breakage from the tumor mass, local migra-
tion and invasion, intravasation into blood or lymphatic vasculature, survival in
circulation, extravasation, survival in the distant organs, angiogenesis, and growth
of the distant metastatic foci. This chapter concentrates on the role of cell-cell
adhesion mechanisms in epithelial tumor metastasis. Disruption or modification of
intercellular adhesion appears to be critical for initial stages of tumor metastasis,
especially during primary cell tumor invasion. In general, well-differentiated, low-
grade tumors display prominent cell-cell adhesion and are less likely to metastasize.
In contrast, the high-grade tumors contain less-differentiated cells that often show
disruption of cell-cell adhesion. This can happen either focally at the invasive front
of the tumor or throughout the extensive regions of the primary tumor. Activation of
many pro-tumorigenic signaling pathways results in disruption of epithelial orga-
nization and acquisition of a migratory cellular phenotype that facilitates tumor
cell migration and invasion. In cultured cells the process may be so dramatic that
it results in a complete loss of epithelial differentiation and acquisition of a mes-
enchymal cell phenotype (epithelial to mesenchymal transition, EMT). While it is
still debated whether such a dramatic transition takes place in the primary tumors
in cancer patients, it appears that at least some elements of decreased epithelial and
increased mesenchymal phenotypes indeed occur and in fact are responsible for the
local cancer cell invasion, as well as intravasation and extravasation. We will dis-
cuss the evidence implicating changes in cell-cell adhesion mechanisms in tumor
progression and metastasis.

Overview of Cadherin—Catenin Adhesion System

Epithelial cells can form different types of cell-cell adhesion structures. One
of these structures, the adherens junction (AJ), has been heavily implicated in
human cancer. Cadherins and catenins are the essential core molecules of the AJs
(Fig. 3.1). Cadherin is a transmembrane protein directly involved in homophilic
adhesive interactions. Cadherins are a large family of a rather diverse trans-
membrane proteins that carry extracellular domain containing several 110 amino
acids-long cadherin repeats. Based on the overall domain structure of the pro-
teins and the number of cadherin domain repeats, cadherin superfamily can be
subdivided into classical, protocadherins, and atypical cadherins. The classical cad-
herins include well-known E(epithelial)-, P(placental)-, VE(vasculo-endothelial)-,
and N(neural)-cadherins. This is the most studied cadherin family that can bind
to catenins through their cytoplasmic domain and confer strong adhesive interac-
tions. In this chapter, we will concentrate on the role and significance of classical
cadherins in cancer progression. While nonclassical and atypical cadherins may
play an important role in cancer (for example, the atypical cadherin Fat is a
tumor suppressor in Drosophila), their role in mammalian cancer is still not well
understood.
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Fig. 3.1 Cadherin—catenin adhesion system. Cadherin-catenin complexes are clustered by actin
cytoskeleton at the sites of cell-cell contacts and promote strong adhesive interaction. Dynamics
of the actin cytoskeleton at the cadherin—catenin complexes, focal contacts, and the leading edge
are regulated by the family of small GTPases including RhoA, Racl, and Cdc42. In addition to its
role in intercellular adhesion, B-catenin is also a critical part of the Lef/TCF-mediated canonical
Wht signaling pathway

The cytoplasmic domain of classical cadherins binds to - and p120-catenins.
p120-catenin is necessary for delivery and stabilization of cadherins at the plasma
membrane (Chen et al. 2003b; Davis et al. 2003). In addition, p120-catenin is a
major regulator of RhoA and Rac1 small GTPases and the actin cytoskeleton (Noren
et al. 2000; Anastasiadis and Reynolds 2001). B-Catenin and its cousin, plakoglobin,
are critical for connecting cadherins with a-catenin. In addition to its role in Als,
B-catenin is also a central part of the canonical Wnt signaling pathway, which plays
pivotal roles in both normal development and cancer. B-Catenin can bind to Lef/TCF
family of transcription factors and activate transcriptional program resulting in the
upregulation of cell-type-specific morphogenetic and cell proliferation programs.
The role of p-catenin-mediated Wnt signaling in human cancer has been recently



36 W.-H. Lien and V. Vasioukhin

covered by several excellent reviews (Clevers 2006; Huang and He 2008) and will
not be discussed in this chapter.

a-Catenin is principally responsible for the linkage of the cadherin—catenin com-
plex at the membrane to the actin cytoskeleton. There are three a-catenin genes,
aE(epithelial), aN-(neural), and oT(testicular), with aE-catenin being the most
abundant a-catenin expressed in normal epithelial tissues. Mediated by a-catenin,
connection between cadherin—catenins and the actin cytoskeleton is very dynamic
and it involves focal regulation of actin polymerization (Vasioukhin et al. 2000;
Kobielak et al. 2004; Drees et al. 2005), as well as a direct linkage to f-actin through
actin-binding protein EPLIN (Abe and Takeichi 2008).

In mammalian cells, all core AJ molecules are essential for AJ formation and
maintenance; however, it is important to remember that many of these proteins
may have partially redundant functions due to a frequent presence of additional and
rather similar family members that can often compensate for the loss of one specific
molecule.

Loss of Cadherin—Catenin Adhesion System in Human Cancer
and Cancer Prognosis

The overwhelming majority of human tumors are carcinomas, which arise from a
variety of epithelial cell types. While these cells normally show prominent intercel-
lular adhesion, invasion of primary epithelial tumor cells into surrounding tissues
is accompanied by marked decrease in cell—cell adhesion. Since cadherin—catenin
protein complexes play an important role in intercellular adhesion, soon after their
discovery, changes in expression and localization of these proteins were analyzed
in multiple tumor types. We will now discuss the available information concerning
specific changes in cadherin—catenin adhesion system and prognostic value of these
changes for tumor progression and patient survival.

Breast Cancer

Ductal and lobular carcinomas are the two major types of breast cancer that sig-
nificantly differ with respect to expression of cadherin—catenin proteins. While
junctional E-cadherin, B-catenin, and a-catenin are expressed at high levels in both
normal ductal and lobular luminal breast epithelia, their expression is lost in >85%
of invasive lobular breast tumors (Cowin et al. 2005). Moreover, primary lobular
tumors that retain E-cadherin expression display its mislocalization, indicating that
disruption of cadherin—catenin-mediated cell-cell adhesion is almost a completely
penetrant event in lobular breast cancer (Moll et al. 1993; Berx et al. 1995; Berx and
Van Roy 2001). Since critical cadherin molecules are missing in lobular breast carci-
noma, cancer cells in these tumors are unable to form AJs and display characteristic
disruption of normal epithelial cell-cell adhesion and invasion of the stromal cell
compartment. Loss of E-cadherin is an early event in development of lobular breast
tumors, because even carcinoma in situ frequently lacks E-cadherin (Vos et al. 1997,
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Rieger-Christ et al. 2001). Since almost all lobular tumors lose cadherin-mediated
expression, the predictive value of this phenotypic change is not obvious; however,
the high penetrance of this event strongly suggests that loss of cadherin—catenin
adhesion plays an important role in lobular cancer development.

Unlike lobular cancer, more frequent and surprisingly more aggressive ductal
breast carcinoma usually retains expression of E-cadherin in low-grade lesions. In
this tumor type, the levels of E-cadherin and associated catenins are often reduced
in advanced tumors (Oka et al. 1993; Nagae et al. 2002; Pedersen et al. 2002; Rakha
et al. 2005; Jeschke et al. 2007; Park et al. 2007). Most studies revealed a corre-
lation between the reduction in expression of E-cadherin and associated catenins
and tumor size, invasiveness, distant metastasis, and unfavorable patient outcome
(Asgeirsson et al. 2000; Heimann et al. 2000; Nakopoulou et al. 2002; Pedersen
et al. 2002; Rakha et al. 2005; Dolled-Filhart et al. 2006; Park et al. 2007).

While it is generally believed that B-catenin signaling is involved in breast
cancer, B-catenin is rarely mutated in breast carcinomas. One study reported promi-
nent nuclear B-catenin localization in breast carcinomas and significant correlation
between nuclear f-catenin and poor patient outcome (Lin et al. 2000). In dissent,
many subsequent studies report that nuclear f-catenin is a very rare event in human
breast cancer (Gillett et al. 2001; Pedersen et al. 2002; Wong et al. 2002). A recent
large study utilized tissue microarray technology and analyzed 600 samples of
human breast cancers. Only 10 out of 600 samples displayed presence of nuclear
B-catenin (Dolled-Filhart et al. 2006). Thus, while pB-catenin is likely to play an
important role in breast cancer cell proliferation and survival, it is still not clear
whether B-catenin signaling is playing a prominent role in human breast cancer
initiation and progression.

Gastrointestinal Cancer

Gastric cancer (GC) is the second most deadly cancer worldwide. There are two
major types of gastric cancer: intestinal type and diffuse type. Diffuse GC is charac-
terized by noncohesive tumor cells that infiltrate the gastric wall. Loss of cell—cell
adhesion in diffuse GC is a direct outcome of disruption of cadherin—catenin-
mediated adhesion. Expression of E-cadherin is downregulated or lost in 70-76% of
diffuse GC and in 40-46% of the intestinal GC (Shun et al. 1998). In another study,
decrease in expression of E-cadherin was found in 92% of GCs, and loss of E-
cadherin correlated with tumor recurrence and mortality (Mayer et al. 1993). About
28-50% of sporadic diffuse GCs carry genetic alterations in E-cadherin (Becker
et al. 1994; Ascano et al. 2001). Interestingly, 48% of all families with hereditary
diffuse GC carry one allele with a germ line mutation in E-cadherin (Brooks-Wilson
et al. 2004). In addition to E-cadherin, a-catenin is also often absent (41%) or
decreased (29%) in GCs (Zhou et al. 2005). Analysis of p-catenin expression and
localization in 111 cases of GCs revealed a frequent loss of membrane staining
(59%) and nuclear accumulation in 17.5% of primary tumors (Jung et al. 2007).
Alterations in B-catenin localization often correlate with changes in E-cadherin
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expression. Overall, presence of nuclear B-catenin and loss of E-cadherin correlates
with poor patient survival (Jawhari et al. 1997; Joo et al. 2000; Zhou et al. 2002;
Jung et al. 2007). This conclusion is not universally shared by other studies that
found no correlation between the loss of membranous B-catenin, presence of nuclear
B-catenin, and patients’ outcome (Grabsch et al. 2001). Overall, inactivation of E-
cadherin is one of the very early events in diffuse GC and loss of cadherin-mediated
adhesion is likely to be involved in development of this cancer.

Thyroid Cancer

Diffuse sclerosing variant (DSV) of papillary thyroid carcinoma (PTC) is a rare
and highly invasive variant of PTC in which tumor cells display prominent
loss of intercellular adhesion. Almost all DSV of PTC display loss of membra-
nous cadherin—catenin expression (Rocha et al. 2001). Classic PTC also displays
decreased E-cadherin—catenin expression, but these events are more common in
advanced tumors displaying poor differentiation (Rocha et al. 2001; Kato et al.
2002; Rocha et al. 2003; Wiseman et al. 2006; Mitselou et al. 2007). In gen-
eral, it is believed that poorly differentiated anaplastic thyroid tumors arise from
preexisting well-differentiated foci. Comparison of differentiated foci with adja-
cent anaplastic tumors revealed that E-cadherin/B-catenin expression was present
in a majority of well-differentiated foci (92% for E-cadherin, 67% for B-catenin),
but was maintained only in a minority of anaplastic tumors (17% for E-cadherin,
50% for B-catenin) (Wiseman et al. 2006). In addition to E-cadherin and p-catenin,
abnormal cytoplasmic expression of a-catenin is also found in papillary thyroid
carcinomas (78%) and anaplastic thyroid carcinomas (100%) (Baloch et al. 2001).
Therefore, disruption of E-cadherin—catenin complex is associated with transforma-
tion of differentiated thyroid carcinoma into anaplastic tumor. Analysis of potential
causal connections between changes in cadherin—catenin expression and patients
survival revealed a statistically significant correlation between reduced E-cadherin—
catenin expression and lymph node metastasis as well as poor patient prognosis
(von Wasielewski et al. 1997; Bohm et al. 2000; Naito et al. 2001; Brecelj et al.
2005). Analysis of f-catenin signaling revealed presence of nuclear f-catenin in
42% of advanced anaplastic thyroid carcinomas and 61% of tumors had alterations
in B-catenin gene, suggesting that activation of f-catenin signaling may be causally
involved in late-stage thyroid carcinoma (Garcia-Rostan et al. 1999).

Basal and Squamous Cell Carcinoma (BCC and SCC)

Two major cancer types BCC and SCC arise from malignant transformation of skin,
oral, esophageal, and vaginal epithelia. Both BCC and SCC display changes in
cadherin—catenin expression pattern. While normal skin epidermis displays promi-
nent expression and cell—cell junctional localization of E-cadherin, B-catenin, and
a-catenin, skin tumors often show decreased or complete absence of junctional
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staining. These changes are especially prominent in human SCCs. While well-
differentiated, low-grade SCCs of the head and neck express detectable E-cadherin,
moderately differentiated SCCs express variable levels of E-cadherin, and poorly
differentiated SCCs are E-cadherin negative (Schipper et al. 1991). Similar phe-
notypes were observed in oral, esophageal, and cervical SCCs (Nakanishi et al.
1997; Saito et al. 1998; Carico et al. 2001; Brouxhon et al. 2007). In general, while
the percentage of SCC tumors showing low or absent levels of E-cadherin varied
between different studies, up to 50% of primary tumors display low and up to 25% of
tumors show absent expression of E-cadherin (Fuller et al. 1996; Tada et al. 1996).
The differences were even more dramatic in studies on a-catenin. Up to 50% of
primary SCCs display absent a-catenin and an additional 30% of primary tumors
show decreased levels of expression (Kadowaki et al. 1994; Nakanishi et al. 1997;
Sakaki et al. 1999; Setoyama et al. 2007). Decreased or absent levels of E-cadherin
and especially a-catenin inversely correlate with invasive phenotype, lymph node
metastasis, recurrence of the disease, and patient outcome (Schipper et al. 1991;
Mattijssen et al. 1993; Kadowaki et al. 1994; Tamura et al. 1996; Nakanishi et al.
1997; Dursun et al. 2007; Setoyama et al. 2007). Stainings for f-catenin and p120-
catenin, in general, show the phenotypes similar to E-cadherin. They are often
downregulated in poorly differentiated, malignant SCCs (Nakanishi et al. 1997,
Carico et al. 2001; Ishizaki et al. 2004; Chung et al. 2007; Fukumaru et al. 2007).
Since abnormal activation of B-catenin signaling has been implicated in human
cancer, several studies analyzed potential nuclear localization and/or activating
mutations in B-catenin. No mutations in B-catenin were detected in SCCs; how-
ever, a fraction of tumors displayed abnormal cytoplasmic and nuclear localization
of B-catenin (Lo Muzio et al. 2005; Odajima et al. 2005; Kudo et al. 2007).

In addition to SCCs, advanced BCCs also display somewhat decreased levels of
E-cadherin and a-catenin expression; however, differences in expression levels are
not as prominent and expression of E-cadherin and a-catenin is usually preserved in
BCCs (Pizarro et al. 1994, Pizarro et al. 1995; Fuller et al. 1996; Tada et al. 1996;
Kooy et al. 1999). A fraction of BCCs (23-67%) display presence of nuclear -
catenin; however, no mutations in B-catenin were found in these tumors (Yamazaki
et al. 2001; El-Bahrawy et al. 2003; Saldanha et al. 2004).

Overall, while both advanced SCCs and BCCs display a decrease in expression of
cell—cell junctional cadherin—catenin proteins, these changes are significantly more
prominent in SCC tumors, which often show a complete absence of E-cadherin or
a-catenin.

Prostate Cancer

Significant attention to the expression of cadherin—catenin proteins was devoted to
human prostate cancer. The results obtained by different studies display significant
differences, which can be potentially explained by differences in the staining pro-
tocols, tissue processing, and definitions of aberrant expression. In a majority of
the studies, expressions of E-cadherin and a-catenin were found to be decreased
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in 45-90% of primary prostate tumors (Umbas et al. 1994; Richmond et al. 1997;
Loric et al. 2001; Koksal et al. 2002; Wehbi et al. 2002; Wu et al. 2003; Jaggi
et al. 2005; van Oort et al. 2007). Abnormal decrease in expression of a-catenin
was found in 19-42% of primary prostate tumors and 3% of tumors were a-catenin
negative (Richmond et al. 1997; Aaltomaa et al. 1999; Aaltomaa et al. 2005).
Aberrant expression of E-cadherin and especially a-catenin was significantly corre-
lated with tumor grade and patient survival (Umbas et al. 1992; Umbeas et al. 1994;
Richmond et al. 1997; Aaltomaa et al. 1999; Loric et al. 2001; Koksal et al. 2002;
Wu et al. 2003; Aaltomaa et al. 2005; Gravdal et al. 2007; van Oort et al. 2007).
More advanced tumors were more likely to express lower levels of E-cadherin and
a-catenin. In other studies, abnormal expression of E-cadherin was seen only in
18-20% of primary tumors and E-cadherin was well expressed in 90% of hormone
refractory prostate tumors (Rubin et al. 2001).

Changes in junctional B-catenin expression often parallel the changes in expres-
sion of E-cadherin and a-catenin (Aaltomaa et al. 2005; Jaggi et al. 2005). Nuclear
B-catenin was found in up to 20% of advanced high-grade primary prostate tumors
and it was a biomarker of aggressive disease (Chesire et al. 2002; Jaggi et al. 2005).
Activating mutations in B-catenin were found in 5% of primary prostate tumors
(Voeller et al. 1998; Chesire et al. 2000). However, in a different study, which ana-
lyzed 232 radical prostatectomy specimens from patients with clinically localized
prostate cancer (PC) and 20 cases of advanced PC, nuclear B-catenin was found to
be decreased in PCs and even more so in the advanced tumors (Horvath et al. 2005).
Moreover, decreased nuclear f-catenin was associated with a poorer prognosis in
localized PCs. Only a small proportion of pB-catenin exists in the nucleus at any
given time and this may potentially account for discrepancies in these studies.

Overall, it appears that some decreased E-cadherin and a-catenin expression
is evident in about a half of advanced primary prostate cancers and decrease
in expression of these proteins correlates with unfavorable prognosis. Complete
loss of E-cadherin and a-catenin are not frequent events in human prostate can-
cer. While activation of P-catenin may play a role in human prostate cancer
progression, direct mutations in P-catenin or APC are not frequent in prostate
cancer cells.

Lung Cancer

In human lung cancer, E-cadherin and «- and B-catenins are present in low-grade
well-differentiated tumors; however, expression of these genes is reduced in more
advanced poorly differentiated tumors. In general, reduced expression of E-cadherin
is noted in 42—-60% of primary non-small cell lung cancer (NSCLC) tumors and it is
associated with poor differentiation (Bohm et al. 1994; Toyoyama et al. 1999; Kase
et al. 2000; Kimura et al. 2000; Stefanou et al. 2003; Salon et al. 2005; Nozawa et al.
2006). A subset of tumors showing reduced expression of E-cadherin also display
reduced expression of a-catenin (30-50% of all NSCLC) (Toyoyama et al. 1999;
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Kimura et al. 2000). Immunohistochemical analysis of tissue microarray containing
primary NSCLCs from 193 patients with stages I to III cancer revealed reduced
expression of E-cadherin, a-, B-, y-, and p120-catenins in 10, 17, 8, 31, and 61% of
the cases, respectively (Bremnes et al. 2002).

Loss of membrane staining for cadherin and catenins in lung cancer often cor-
relates with advanced tumors, metastasis, and poor patient prognosis. Analysis of
NSCLC tumors reported correlation between positive E-cadherin, a-catenin, and -
catenin staining and tumor differentiation, longer time to progression, and overall
better survival (Kimura et al. 2000; Bremnes et al. 2002; Stefanou et al. 2003; Deeb
et al. 2004; Nozawa et al. 2006; Miyanaga et al. 2008). While some studies found
that among AJ proteins, reduction in a-catenin appeared to reflect most strikingly
the presence of lymph node metastasis and the short survival periods of NSCLC
patients (Kimura et al. 2000), other studies reported high junctional E-cadherin
staining as the best prognostic marker of survival (Bremnes et al. 2002). In yet
another study, which used 331 lung cancer tissues, reduced expression of f-catenin,
but not E-cadherin, was found to be the most accurate prognostic marker of poor
survival (Kase et al. 2000). In contrast, only few studies on NSCLCs report no cor-
relation between E-cadherin, a- and f-catenin levels, tumor differentiation, lymph
node metastasis, and patient survival (Ramasami et al. 2000).

While NSCLC is the most common type of lung cancer, neuroendocrine tumors
(NETs) represent up to 20% of lung cancers. Impaired cadherin—catenin expres-
sion was found in NETs of the lung. Immunohistochemical analyses on 102 NET
tumors revealed aberrant expression of E-cadherin and f-catenin in 78 and 72% of
NETs, correspondingly (Salon et al. 2004). Impaired expression of the E-cadherin
and PB-catenin molecules correlated with lymph node metastasis and with advanced
stage disease.

Overall, a massive amount of published data show that cadherin—catenin expres-
sion is affected in most human epithelial tumors. Disruption of the cadherin—catenin
adhesion system is an early event in such tumor types as diffuse stomach carcinoma,
breast lobular carcinoma, and diffuse sclerosing variant of papillary thyroid carci-
noma. Loss of intercellular adhesion in these tumors results in infiltration of the
tissue by masses of isolated tumor cells. This phenotype has such a profound effect
on tumor histology that it helps to define the tumor type and to differentiate it from
other types of epithelial tumors in these organs. An early onset and a complete dis-
ruption of cadherin—catenin adhesion system, as well as an E-cadherin-dependent
genetic predisposition for these tumors, strongly suggest that cadherin—catenin
adhesion system plays a tumor suppressor role in these tumor types. In contrast,
in the overwhelming majority of other epithelial tumors, the cadherin—catenin adhe-
sion system is usually maintained in low-grade, well-differentiated tumors; however,
it is often decreased or severely disrupted in advanced, poorly differentiated tumors
and this usually correlates with tumor metastasis and poor patient outcome. These
findings suggest that in these epithelial tumors the cadherin—catenin system is likely
to function as a metastasis suppressor that attenuates the spread of the primary tumor
(Fig. 3.2A).
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Fig. 3.2 Role of inactivation of cadherin—catenin-mediated adhesion in epithelial tumor spread
and metastasis. (A) Loss of cadherin—catenin function results in epithelial-mesenchymal transition
(EMT), invasion of surrounding tissues, and intravasation. Downregulation of epithelial E-cadherin
and upregulation of mesenchymal N-cadherin on tumor cells undergoing EMT may promote local
invasion by decreasing the affinity for epithelial cells and increasing the affinity for mesenchy-
mal stromal cells, which surround the tumor. Note that EMT may be transient and it can be
reversed by mesenchymal—epithelial transition (MET). (B) Tumor cells disperse throughout the
body via blood and lymphoid systems, extravasate in the distant organs, and establish metastatic
foci. Cadherin—catenin adhesion system may promote attachment and survival of tumor cells in the
foreign microenvironment
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Switch from Epithelial to Mesenchymal Cadherin Expression
and Its Role in Tumor Invasion

E-cadherin is the most prominent cadherin molecule expressed in normal epithelial
tissues. Interestingly, a decrease in expression of E-cadherin in epithelial carcinomas
often coincides with an increase in expression of other cadherin types, most notably
N-cadherin (Wheelock et al. 2008). This phenomenon has major significance in
the progression of epithelial tumors and it is known as “cadherin switching.” EMT
takes place often during normal mammalian development and it is characterized by
phenotypical and functional transition of epithelial cells into mesenchymal cells,
which are usually more invasive and migratory. This process is driven by changes in
expression of cadherin molecules and replacement of E-cadherin in epithelial cells
by N-cadherin, which is normally expressed in neuronal and mesenchymal cells.
Similar process was observed in many cultured cancer cell lines, and at least some
elements of cadherin switching and EMT may take place during tumor progression
in vivo (Hugo et al. 2007). During EMT, expression of E-cadherin is decreased and
expression of N-cadherin is upregulated. Presently, it is not clear whether upregu-
lation of N-cadherin during EMT is simply a response to the cell fate change and
acquisition of a mesenchymal cell phenotype or it represents the driving event in
cancer progression. Experiments in cell lines show that forced expression of even
low levels of N-cadherin in epithelial cells expressing E-cadherin results in major
changes in cell morphology and stimulates cell migration and invasion (Nieman
et al. 1999; De Wever et al. 2004). Mechanistically, N-cadherin may stimulate cell
migration by binding and potentiation of the activity of the FGF receptor and also
by activation of Racl and Cdc42 small GTPases via p120-catenin (Wheelock et al.
2008). Expression of N-cadherin has been documented in human tumors and there is
a correlation between tumor progression and cadherin switching events (Cavallaro
et al. 2002). Experiments with cancer model systems demonstrated that the role of
N-cadherin expression in tumors is likely to be cancer-type specific. Overexpression
of N-cadherin in normal mammary gland or NEU-induced mammary gland tumors
did not produce discernable phenotype (Knudsen et al. 2005). However, overexpres-
sion of N-cadherin in polyomavirus middle T-antigen-induced mammary tumors led
to enhanced extracellular signal-regulated kinase activation and increased metastasis
(Hulit et al. 2007). It is possible that upregulation of N-cadherin in epithelial cells
results in changes in specific signaling pathways and, depending on the nature of
the oncogenic insult, N-cadherin may or may not promote tumor progression and
metastasis. A critical question that will have to be addressed is whether increase in
endogenous N-cadherin in primary tumors is playing an important role in tumor
progression. Future experiments with conditional knockouts of endogenous N-
cadherin in the context of developing epithelial tumors will help to answer this
question.
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Paradoxical Re-emergence of the Cadherin—-Catenin-Mediated
Adhesion System in Metastatic Lesions

Analyses of primary epithelial tumors almost universally show decrease or com-
plete absence of E-cadherin in the advanced stages of the disease. Moreover, this
loss of cadherin expression usually correlates with the probability of metastasis
and poor overall prognosis. Nevertheless, analyses of metastatic lesions, often from
the same patients that showed loss of E-cadherin in the primary tumors, revealed
the re-emergence of E-cadherin-mediated adhesion in metastatic cells (Bukholm
et al. 2000; Imai et al. 2004; Hung et al. 2006). This could be considered as
rather surprising. Indeed, if disruption of adhesion favors tumor progression and
metastasis, would not one expect to see no adhesion in the final product of the
metastatic process? After all, many studies analyze metastatic lesions and con-
sider the transcriptional phenotype of these cells as the phenotype that promotes
metastasis. Clearly this would not be the case for E-cadherin, which is present in
metastatic lesions, but often absent in the advanced primary tumors. Applying the
same type of reasoning, we would have to consider E-cadherin as a metastasis pro-
moter, which is contrary to all that we know about E-cadherin in human cancer. So
how can the re-establishment of cadherin—catenin adhesion in metastatic lesions be
explained?

The process of metastasis is very complex and it is comprised of several differ-
ent stages. The breaking from the primary tumor mass, local invasion, intravasation
are more easily achieved by tumor cells that undergo complete or partial EMT. In
contrast, survival in the blood or lymph systems, re-establishment in the foreign
microenvironment may be more easily achieved by cells that increase intercellular
adhesion, which can provide cell survival signals in the environment when integrin-
based adhesion is minimal or does not exist (blood stream). In this scenario, the
most favorable course of events for efficient metastasis would be the loss of adhe-
sion and EMT in the primary tumors and re-emergence of cell-cell adhesion in the
distant sites (Fig. 3.2B). A remarkably similar course of events is observed in human
cancer.

Causal Evidence Implicating Cadherin—Catenin System
in Cancer Progression and Metastasis

While the studies on cadherins in primary epithelial tumors and tumor metastasis
certainly implicate cadherin—catenin complex in epithelial tumor initiation and pro-
gression, the evidence generated by this approach is rather circumstantial in nature
and, as such, it does not allow for establishing a causal relationship between loss of
cadherin—catenin-mediated adhesion and tumor initiation and progression. We will
now discuss results from the studies that attempted to address the role and signif-
icance of cadherin—catenin proteins in cancer using experimental loss-of-function
and gain-of-function approaches.
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Causal Evidence from Studies on Cell Lines In Vitro
and on Xenograft Tumors

Advanced epithelial tumors and cell lines generated from these malignancies often
lose E-cadherin—catenin-mediated adhesion. Thus, restoration of cadherin—catenin
expression provided a simple but powerful tool, which was utilized to under-
stand the significance of the loss of cadherin—catenin-mediated adhesion in cancer.
Experimental inactivation of cadherin—catenin adhesion in cancer cell lines that
maintained this system provided a complementary approach to analyze the role
of cadherin—catenin adhesion. These two approaches have been employed in mul-
tiple studies that utilized cancer cell lines derived from a variety of tumor types
(Behrens et al. 1989; Vleminckx et al. 1991; Watabe et al. 1994). In general, loss
of E-cadherin resulted in the increase in cell invasion and decrease in cell differ-
entiation, while restoration of E-cadherin led to suppression of invasive phenotype
both in vitro and in mouse xenograft tumors in vivo (Behrens et al. 1989; Chen
and Obrink 1991; Frixen et al. 1991; Vleminckx et al. 1991). Restoration of o-
catenin expression in cancer cell lines missing this protein had even more dramatic
phenotypes. For example, expression of a-catenin in the lung carcinoma cell line
PC9 or prostate carcinoma cell line PC3, which both expressed E-cadherin, but
lacked a-catenin, resulted not only in the restoration of polarized epithelial phe-
notype but also in significantly decreased rates of cell proliferation (Watabe et al.
1994; Ewing et al. 1995). Re-establishing of a-catenin expression in ovarian car-
cinoma cell line Ov2008 restored the epithelial morphology of these cells and
also attenuated their proliferation and ability to form tumors in immunocompro-
mised mice (Bullions et al. 1997). Overall, these data provide causal evidence
suggesting that cadherin—catenin-mediated adhesion system plays a role of inva-
sion suppressor in epithelial cancer-derived cell lines and it may regulate not only
cell invasion and metastasis but also cell proliferation. While analysis of estab-
lished cancer cell lines in culture or in nude mice is very informative, it usually
models the final stages of metastatic process, which includes cancer cell sur-
vival and proliferation at the distant sites and secondary metastasis. Experimental
analysis of the initial stages of tumor formation and progression in properly three-
dimentionally (3-D) organized organs became possible via analyses of genetically
engineered mice.

Evidence from Genetically Engineered Mice

Similar to human epithelial tumors, loss of E-cadherin expression is often
observed in genetically induced tumors in mice. For example, the transition from
well-differentiated adenoma to invasive carcinoma in a transgenic mouse model
of pancreatic B-cell carcinogenesis (Rip1Tag2 mice) coincides with transcriptional
decrease in endogenous E-cadherin (Perl et al. 1998). Intercrossing Rip1Tag2 mice
with transgenic mice that expressed E-cadherin under the control of exogenous
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promoter, which was not affected in Ripl1Tag2 tumors, resulted in arrest of tumor
development at the adenoma stage. Alternatively, expression of a dominant-negative
form of E-cadherin in this model system induces early invasion and metasta-
sis (Perl et al. 1998). Similar experiments in mouse models of non-small-cell
lung cancer induced by C-Raf overexpression demonstrated that disruption of E-
cadherin promotes B-catenin-dependent upregulation of VEGF-A and VEGF-C,
massive formation of intratumoral vessels, rapid growth of primary tumors, and
micrometastasis (Ceteci et al. 2007).

Loss of E-cadherin is a critical hallmark of human lobular breast carcinoma.
Conditional deletion of E-cadherin in breast epithelial cells was not sufficient to
induce tumor development; however, it significantly accelerated the development
of invasive and metastatic mammary carcinomas induced by inactivation of p53
(Derksen et al. 2006). Perhaps not surprisingly, these tumors showed strong resem-
blance to human invasive lobular carcinoma. Loss of E-cadherin in this model
system induced resistance to anoikis and facilitated angiogenesis, thus promoting
metastatic disease.

The role of a-catenin in vivo in the context of a cancer model has not been
analyzed; however, deletion of epithelial aE-catenin in mouse embryonic neu-
roepithelial and skin progenitors cells resulted in the loss of tissue organization,
hyperplasia, and early postnatal death (Vasioukhin et al. 2001; Lien et al. 2006). In
contrast, loss of aE-catenin in breast epithelial cells resulted in increased epithe-
lial cell death and failure of proper mammary gland development (Nemade et al.
2004).

While a significant amount of data concerning the role of p-catenin in mam-
malian cancer has been accumulated in the recent years, most of the in vivo
experiments analyzed the function of B-catenin in the canonical Wnt signaling rather
than its role in the AlJs, because junctional loss of B-catenin is usually well com-
pensated by the presence of plakoglobin. In general, stabilization of B-catenin in
vivo results in constitutive activation of the canonical Wnt signaling pathway and
development of tumors in a variety of epithelial organs (Clevers. 2006). Since the
canonical Wnt signaling pathway is necessary for proper maintenance of stem and
progenitor cell populations in many organs and tissues, conditional loss of B-catenin
usually results in quick depletion of these cell populations and severe problems with
organ development and maintenance (Machon et al. 2003; Zechner et al. 2003; Fevr
et al. 2007).

Overall, genetic loss-of-function experiments demonstrated that loss of E-
cadherin—catenin adhesion system is playing a causal role in epithelial tumor
progression. While disruption of the AJs usually is not sufficient for tumor
initiation, loss of cadherin-mediated adhesion cooperates with other pro-
tumorigenic pathways to facilitate tumor angiogenesis, progression to locally
invasive carcinoma, and metastasis. We will now discuss potential mechanisms
that may be responsible for the tumor-suppressor function of cadherin—catenin
system.
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Cadherin-Catenin Function in Cancer Progression

Adhesive Function of Cadherin—Catenin System
as an Inhibitor of Invasion

One of the primary functions of epithelial cells is the formation of a barrier that
separates different compartments within the organism. This function is mediated by
an active process of cell—cell adhesion orchestrated by the cadherin—catenin com-
plexes, which use the forces generated by the underlying actin cytoskeleton to drive
epithelial cells together (Vasioukhin et al. 2000; Perez-Moreno et al. 2003). This
process will ensure that epithelial cells are connected to each other as tightly as
possible to function as an epithelial barrier.

During epithelial tumor progression, the forces generated by the cadherin—
catenin-mediated adhesion will continue to function to keep tumor cells together.
Therefore, it could be very difficult for tumor cells with a functional cadherin—
catenin system to break from the bulk of the tumor. Thus, downregulation of
cadherin—catenin adhesion is necessary for epithelial tumor cell invasion into
the surrounding tissues and subsequent metastasis (Fig. 3.3A). While this purely
adhesive role may appear dull and unexciting, this function of cadherin—catenin-
mediated adhesion is probably one of the most significant mechanisms that prevents
invasion and spread of epithelial tumors.

Cadherin—Catenin System as Regulator of Growth Factor
Receptor Signaling

In addition to their purely adhesive role, cadherin—catenin complexes may impact
tumor initiation and progression by regulation of a variety of growth factor receptor
signaling pathways. Indeed, cadherin—catenin complexes directly or indirectly bind
to a variety of growth factor receptors and exercise potent influence on their activity
(Fig. 3.3B). Probably one of the most cancer relevant effects is the potent negative
influence of E-cadherin on the activity of several receptor tyrosine kinases (RTKs)
(Takahashi and Suzuki 1996; Qian et al. 2004). E-cadherin interferes with their
function through direct or indirect complex formation and inhibition of their ligand-
dependent activation (Qian et al. 2004). Interestingly, mutations in E-cadherin that
are found in human tumors result in decreased complex formation between E-
cadherin and EGFR and enhanced activation of EGF-mediated signaling (Bremm
et al. 2008). Since E-cadherin can induce formation of cell-cell junctions that
engage multiple protein complexes, some of the cadherin—catenin effects on reg-
ulation of RTKs activity could have been indirect. This possibility was addressed
by engaging E-cadherin complexes on the surface of isolated epithelial cells by
using functionally active recombinant E-cadherin protein attached to microspheres
(Perrais et al. 2007). Such engagement inhibited cell proliferation and this effect
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Fig. 3.3 Potential mechanisms of cadherin—catenin system in suppression of tumor invasion and
metastasis. (A) Cadherin-catenin system uses the force of the actin cytoskeleton to pull neighbor-
ing epithelial cells together and prevent tumor cell dissemination. (B) Epithelial cadherin-catenin
complexes negatively regulate signaling by receptor tyrosine kinases. (C) Cadherin-catenin com-
plexes may sequester f-catenin away from the nucleus and attenuate f-catenin/TCF signaling.
RTK, receptor tyrosine kinase. TF, transcription factor. MAPK, mitogen-activated protein kinase

was dependent on EGFR-mediated activation of signal transducers and activator of
transcription 5 (STATS).

In contrast to attenuation of RTKs signaling toward the MAPK pathway and acti-
vation of cell proliferation, cadherin—catenin adhesion system can potentiate RTKs
signaling toward the PI3K pathway and cell survival (Carmeliet et al. 1999; Kang
et al. 2007). This function is probably important for pro-survival role of cadherin—
catenin in tumor cells when integrin-mediated signaling is downregulated in the soft
agar and, potentially, in the blood stream during tumor metastasis. This pro-survival
function of cadherin—catenin complexes may potentially explain the re-emergence
of E-cadherin in the metastatic lesions.

As previously discussed, many advanced epithelial tumors switch their expres-
sion of cadherin molecules from E-cadherin to N-cadherin. N-cadherin also asso-
ciates with a variety of growth factor receptors; however, its impact on RTK
signaling is very different, since it potentiates rather than inhibits RTK signaling
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cascades. For example, interaction between N-cadherin and fibroblast growth fac-
tor receptor (FGFR) resulted in the prevention of ligand-mediated internalization
of FGFR-1 and caused sustained activation of the MAPK-ERK pathway, leading
to MMP-9 gene transcription and cellular invasion (Suyama et al. 2002). Similarly,
N-cadherin in complex with the platelet-derived growth factor-receptor f (PDGFRp)
promotes PDGF-dependent cell migration (Theisen et al. 2007). These activities
of N-cadherin may explain the significance of the cadherin switch phenomenon in
epithelial tumor progression and paradoxical increase in cell motility and invasion
in epithelial cells that express large amounts of E-cadherin and only small amounts
of N-cadherin.

Cadherin—Catenin System as a Regulator of -Catenin Signaling

B-Catenin is a critical regulator of the canonical Wnt signaling pathway and sus-
tained activation of this pathway by overexpression of Wnts, mutation of f-catenin
or mutation of the proteins involved in its degradation results in cancer develop-
ment (Clevers 2006). It is logical to hypothesize that disruption of cadherin—catenin
complexes may result in liberation of B-catenin, which can then translocate to the
nucleus and activate its transcriptional program (Fig. 3.3C). Indeed, it has been
demonstrated that sequestration of B-catenin by overexpressed E-cadherin and o-
catenin in a variety of model systems results in attenuation of B-catenin signaling
activities (Sehgal et al. 1997; Simcha et al. 1998; Orsulic et al. 1999; Giannini et al.
2000; Gottardi et al. 2001; Merdek et al. 2004; Onder et al. 2008). Since loss of
endogenous E-cadherin or a-catenin was observed in human epithelial tumors, it
was important to analyze whether deletion of endogenous E-cadherin or a-catenin
in vivo can activate f-catenin signaling pathway.

This has been analyzed using several model systems and results of these stud-
ies indicate that the connection between the loss of E-cadherin or a-catenin and
activation of B-catenin signaling is rather complex and probably tissue specific.
Conditional deletion of E-cadherin and epithelial aE-catenin in mice does not
result in significant changes in f-catenin signaling pathway (Young et al. 2003;
Lien et al. 2008). One of the earliest genetic demonstrations of the role of E-
cadherin as an inhibitor of tumor progression and metastasis was performed in an
SV40 T-antigen-driven transgenic mouse model of p-cell carcinogenesis (Rip1Tag2
mice). Remarkably, subsequent analysis of the mechanisms responsible for E-
cadherin-mediated metastasis suppression in this model did not reveal activation
of P-catenin signaling (Herzig et al. 2007). Therefore, pathways other than -
catenin/Tcf-mediated Wnt signaling are induced by the loss of E-cadherin during
tumor progression in Rip1Tag2 transgenic mice. Deletion of E-cadherin in a mouse
model of breast and skin carcinoma (conditional p53-/- mice) promoted tumor
progression and angiogenesis via inhibition of apoptosis; however, activation of
B-catenin signaling was not reported in this model (Derksen et al. 2006). E-cadherin-
dependent activation of P-catenin signaling was reported in a Raf-driven murine
lung cancer model; however, it appears that most of the f-catenin signaling anal-
ysis in this study was performed in the animals overexpressing dominant-negative
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E-cadherin, rather than mice with deletion of E-cadherin gene (Ceteci et al. 2007). It
will be interesting to know whether the loss of endogenous E-cadherin also resulted
in activation of f-catenin in this cancer model.

Overall, it appears that cadherin—catenin adhesion system attenuates epithelial
tumor progression and metastasis by engaging several mechanisms ranging from
the classic glue-like adhesion, to regulation of the growth factor-mediated and Wnt
signaling pathways. While a significant amount of information has been accumu-
lated, many questions regarding the molecular mechanisms remain unanswered.
What are the molecular mechanisms of cadherin—catenin-mediated adhesion that
drive epithelial cells together? How cadherins modulate signaling by growth fac-
tor receptors in such a way that promotes survival, but inhibits proliferation? What
is the role of cadherin—catenin adhesion in the classic Wnt signaling pathway?
These exciting questions will be addressed in the future. However, the mechanisms
that are responsible for inactivation of cadherin—catenin adhesion system in human
epithelial tumors are currently well understood.

Mechanisms of Cadherin—Catenin System Inactivation
in Human Tumors

Inactivation of Cadherin—-Catenin System by Mutations
in Cadherins and Catenins

Germ line homozygous loss-of-function mutations in E-cadherin, B-catenin, and
aE-catenin are embryonic lethal in mice and it is likely that similar genetic alter-
ations also result in embryonic lethality in humans (Larue et al. 1994; Haegel et al.
1995; Torres et al. 1997; Huelsken et al. 2000). Although heterozygous mutants in
these critical AJs genes do not show prominent phenotype in mice, heterozygous
germ line mutation in E-cadherin strongly predispose humans to diffuse-type gas-
tric cancer (see above). Interestingly, while E-cadherin is also lost in lobular breast
carcinomas, an increase in the probability of lobular breast cancer in individuals
with germ line mutation in E-cadherin is much less certain than increase in gastric
cancer. While individuals heterozygous for B-catenin and aE-catenin are likely to
be present in the general human population, presently, it is not known whether these
genetic alterations predispose to development of any diseases.

Somatic mutation in E-cadherin is a frequent event in epithelial tumors. The
highest incident rate is documented in diffuse-type gastric and lobular breast can-
cers, where up to 50% of primary tumors contain mutations in E-cadherin. In
addition, mutations in E-cadherin were also observed in primary endometrial, ovar-
ian, and signet-cell stomach carcinomas; however, this happens at a much lower
frequency (Risinger et al. 1994; Muta et al. 1996). Inactivating mutations in o- and
B-catenins have been observed in a variety of epithelial cancer cell lines; however,
very little information exists concerning the presence of mutations in these genes in
primary epithelial tumors. Gene sequencing of a very limited sample of breast and
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colon tumors identified mutations in aE- and aN-catenins and a number of cadherin
genes; however, the frequency of these mutations did not allow to conclude that they
may play a causal role in cancer initiation (Wood et al. 2007).

Inactivation of Cadherin—-Catenin System by Transcriptional
Repression

While genetic inactivation of E-cadherin occurs relatively often in the diffuse gastric
and lobular breast carcinoma and endometrial cancer, by far the most frequent mech-
anism responsible for inactivation of cadherin—catenin system in human epithelial
tumors is epigenetic decrease in transcription of E-cadherin. E-cadherin can be
downregulated via promoter hypermethylation and/or changes in the transcription
factors that regulate E-cadherin promoter activity.

Hypermethylation of E-cadherin promoter and decrease in E-cadherin expres-
sion is a widespread phenomenon in human epithelial cancers. In fact, even in
tumors in individuals with hereditary diffuse gastric cancers that contain mutations
in E-cadherin, a second allele is often maintained, but silenced via hypermethyla-
tion in the CpG island in the promoter region of E-cadherin (Grady et al. 2000).
Hypermethylation of E-cadherin promoter has been reported in primary gastric,
breast, prostate, non-small-cell lung, cervical, thyroid, bladder, esophageal, renal,
hepatocellular, colorectal, and many other cancer types (Graff et al. 1995; Yoshiura
et al. 1995; Graff et al. 1998; Tamura et al. 2000; Matsumura et al. 2001; Nojima
et al. 2001; Si et al. 2001; Garinis et al. 2002; Ribeiro-Filho et al. 2002; Chen et al.
2003a; Kim et al. 2007). Hypermethylation of E-cadherin is erased and expression
of E-cadherin is restored in many E-cadherin-negative cancer cell lines treated with
demethylating agent 5-azacytidine (Nam et al. 2004). In some cases, the correla-
tion between E-cadherin promoter hypermethylation and E-cadherin expression is
not perfect, and treatment with demethylating agents does not restore expression of
E-cadherin (Hajra et al. 1999; Fearon. 2000). Downregulation of E-cadherin expres-
sion in some of these cases can be explained by the action of transcriptional factors
regulating E-cadherin promoter activity.

Analysis of E-cadherin promoter activity in somatic cell hybrids indicated that
E-cadherin transcription in epithelial cancer cell lines is extinguished by fac-
tors acting on the E-box element within the E-cadherin promoter (Giroldi et al.
1997). Subsequent studies identified several transcription factors that can bind to
the E-box of the E-cadherin promoter and repress its transcription. These include
zinc-finger transcriptional repressors SNAIL (Batlle et al. 2000; Cano et al. 2000),
SLUG (Savagner et al. 1997), delta EF1/ZEB1 (Grooteclaes and Frisch 2000),
SIP1/ZEB2 (Comijn et al. 2001), and the basic helix—loop-helix factors E12/E47
(Perez-Moreno et al. 2001) and Twist (Yang et al. 2004). The transcriptional repres-
sors of E-cadherin are utilized in normal development for quick downregulation
of E-cadherin and suppression of the epithelial phenotype and EMT. EMT can be
induced by important developmental pathways including Notch, Wnt, BMP, and
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RTKSs (Thiery and Sleeman 2006; Leong et al. 2007). Epithelial tumors often upreg-
ulate the expression of transcription repressors of E-cadherin and this results in
prominent stimulation of tumor cell invasion and metastasis (Yang et al. 2004;
Peinado et al. 2007). Interestingly, some of E-cadherin repressors can be controlled
by endogenous microRNAs. For example, miR-141, mir-200b, and mir-205 miR-
NAs directly repress ZEB1 and ZEB2 (Gregory et al. 2008; Park et al. 2008).
Knockdown of these miRNAs in epithelial cell lines reduces E-cadherin expres-
sion, indicating that decrease in expression of these endogenous miRNAs may be
involved in promotion of EMT and metastasis in human cancer.

Inactivation of Cadherin—Catenin System by Post-transcriptional
Regulation

In addition to a decrease in the expression of crucial AJ proteins, cadherin—catenin-
mediated adhesion can be disrupted via multiple post-translational mechanisms.
Usually, the normal function of AJs completely depends on the formation of ternary
complex containing cadherin, - or y-catenin, and a-catenin. Any cellular signaling
mechanisms that can result in disruption of this complex will inactivate AJs and
impact cell—cell adhesion. Since normal development and adult tissue homeostasis
often require quick disassembly of cell-cell junctions to generate EMT and acti-
vate cell movement, cells have developed multiple mechanisms that can be used to
disassemble the cadherin—catenin complexes.

Cadherins and p- and a-catenins can be phosphorylated by tyrosine and serine—
threonine kinases and this phosphorylation can result in major changes in their
binding affinities and overall stability. E-cadherin—catenin complexes can directly
or indirectly bind to EGFR, ErbB2, Met, and IGFIR (Ochiai et al. 1994; Hiscox
and Jiang. 1999; Reshetnikova et al. 2007; Canonici et al. 2008). In general, sus-
tained activation of RTKs results in disassembly of the cadherin—catenin complexes
(Behrens et al. 1993; Hamaguchi et al. 1993). Increase in tyrosine phosphory-
lation of E-cadherin upon activation of RTKs and/or Src-kinases results in its
monoubiquitination by Hakai, binding to monoubiquitine-interacting protein Hrs,
internalization, and subsequent lysosome-mediated degradation (Fujita et al. 2002;
Palacios et al. 2005; Toyoshima et al. 2007; Shen et al. 2008). In addition to Hakai,
E-cadherin can also be ubiquitinated by MDM2, which is often overexpressed in
certain types of human cancers (Yang et al. 2006). Tyrosine phosphorylation of
B-catenin by Src-family, BCR-Abl, MET, and RET RTKs results in decreased affin-
ity for both E-cadherin and a-catenin, stabilization of B-catenin in the cytoplasm,
and activation of P-catenin-specific transcriptional program (Roura et al. 1999;
Brembeck et al. 2004; Lilien and Balsamo 2005; Coluccia et al. 2006; Zeng et al.
2006; Coluccia et al. 2007; Gujral et al. 2008).

In addition to tyrosine kinases, serine—threonine kinases can also influence
cadherin—catenin interactions. Phosphorylation of cadherin cytoplasmic tail by
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casein kinase I results in disassembly of cadherin—catenin complexes (Ochiai et al.
1994). p-Catenin phosphorylation by AKT and cyclic AMP-dependent protein
kinase also results in activation of B-catenin-mediated signaling (Hino et al. 2005;
Fang et al. 2007). Phosphorylation of -catenin by GSK3g results in rapid destruc-
tion of P-catenin by the proteasome-mediated degradation pathway (Aberle et al.
1997). GSK3p is constitutively active in the cytoplasm, where B-catenin is effi-
ciently degraded, and only in the cells receiving the Wnt signal, GSK3p is unable
to phosphorylate B-catenin, which escapes degradation, accumulates in the nucleus,
and activates the canonical Wnt transcriptional program (Clevers 2006).

In addition to phosphorylation, cadherin—catenin complex formation can be
influenced by the activity of small Rho-family GTPases. Indeed, cadherin—catenin
clustering is completely dependent on the activity of the actin cytoskeleton (Hirano
et al. 1987; Angres et al. 1996). Since Rho-family GTPases regulate the dynamics
of the actin cytoskeleton, they play a pivotal role in AJs assembly and disassem-
bly and their activities have been implicated in tumor cell migration and invasion
(Ellenbroek and Collard 2007). p120-Catenin is a critical regulator of Rho-family
GTPases, which activates Racl, inactivates RhoA, and promotes AJs assembly
and stabilization (Reynolds 2007). Literature on the roles of particular members
of Rho-family GTPases may be a little confusing, as the same molecules are often
implicated in either promoting or disrupting the intercellular adhesion. For example,
activation of RhoA results in disassembly of the AJs; however, destruction of RhoA
induces EMT (Zhong et al. 1997; Sahai and Marshall 2002; Ozdamar et al. 2005;
Fang et al. 2008). It is likely that carefully regulated actin cytoskeleton dynamics is
required for the formation of the AJs; however, induced by the oncogenic signaling
hyperactivation of either RhoA or Racl may result in destabilization of the contacts
and stimulation of migration and invasion (Zhong et al. 1997; Gimond et al. 1999;
Lozano et al. 2008).

While actin cytoskeleton regulators can influence cadherin function inside the
cells, several mechanisms that function on the cell surface can negatively regulate
cell—cell adhesion and contribute to tumor development and progression. Proteolytic
cleavage of cadherin molecules by matrix metalloproteinases (MMPs), a disinte-
grin and metalloproteases (ADAMs), or y-secretase is another mechanism that may
be involved in transient downregulation of cadherin function in primary epithe-
lial tumors (Lochter et al. 1997; Marambaud et al. 2002; Maretzky et al. 2005;
Ferber et al. 2008). MMPs and ADAMs are often upregulated in human tumors,
where they may perform multiple functions including promotion of tumor cell inva-
sion and metastasis. Generated by cleavage extracellular fragment of E-cadherin
can function as a dominant-negative pseudo-ligand that will inactivate cadherin—
catenin-mediated adhesion on cells that are not directly exposed to the proteases
(Damsky et al. 1983). In addition to the cell surface cleavage of the extracellular
domain of E-cadherin, E-cadherin-mediated adhesion can be negatively regulated
by the cell membrane glycoprotein dysadherin (Nam et al. 2007). It can impair
adhesion and stimulate metastasis by several mechanisms including downregulation
of E-cadherin-mediated adhesion and activation of production of chemokines.
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Conclusions

Overall, an enormous amount of evidence documents disruption and disorganization
of cadherin—catenin adhesion system in human epithelial tumors. While disruption
of cadherin—catenin adhesion is an early and tumor-type-defining event in diffuse
gastric cancer, lobular breast carcinoma, and diffuse sclerosing variant of papillary
thyroid tumor, in other types of epithelial tumors loss of cell—cell adhesion usually
happens in high-grade tumors. In general, disruption of cadherin—catenin adhesion
system correlates with higher probability of tumor metastasis and poor rates of sur-
vival. Importantly, the causal relation between loss of cadherin-mediated adhesion
and epithelial tumor progression and metastasis has been well documented not only
in tumor-derived cell lines but also in mouse cancer models.

One of the major challenges that lie ahead is to understand how exactly disrup-
tion of cell—cell adhesion contributes to tumor progression. Significant progress has
already been made in this direction. While simple loss of attractive forces that keep
epithelial cells together is undeniably one of the important mechanisms responsible
for tumor cell dispersion and invasion, the potential role of cadherin in negative
regulation of B-catenin signaling activities and an already well-defined role of
cadherin—catenin complexes in modulation of various growth factor receptor path-
ways open a completely different perspective at the role of cadherin—catenin system
in tumor progression. Future research is likely to uncover novel mechanisms that
will explain and clarify the role and the mechanisms of cadherin—catenin-mediated
adhesion system in human cancer.
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Chapter 4
Rho GTPases in Regulation of Cancer Cell
Motility, Invasion, and Microenvironment

Donita C. Brady, Jamie K. Alan, and Adrienne D. Cox

Cast of Characters

Unlike Ras proteins that are oncogenically mutated in 30% of human can-
cers, known naturally occurring mutations in Rho GTPases are limited to RhoH
(a.k.a. ARHH), which undergoes translocations and hypermutations, especially in
hematopoietic cancers. Despite this lack of common activating mutations, a large
body of evidence points to misregulation of Rho protein function as a widespread
occurence in epithelial-mesenchymal transition (EMT) to promote cancer cell motil-
ity and invasiveness. Deregulated Rho protein signaling occurs through aberrant
expression of the GTPases themselves, altered expression or function of their regula-
tors, or changes in activity of their upstream and downstream signaling components.
Here we discuss how Rho GTPases are aberrantly regulated in cancer, and how their
activity contributes to the alterations in cell-cell adhesion, cell-matrix adhesion,
cell migration, and the tumor microenviroment that promote tumor cell motility,
invasion, and metastasis.

Introduction

Epithelial-mesenchymal transitions (EMT) that promote cancer cell motility and
invasiveness require dynamic epigenetic and morphogenetic changes. The acqui-
sition of a motile and invasive program by cancer cells involves the activation of
signaling pathways and induction of transcriptional profiles that promote the loss
of cell—cell adhesions, loss of cell polarity, cytoskeletal reorganization, and prote-
olytic degradation and remodeling of the extracellular matrix (ECM) (Berx et al.
2007; Guarino et al. 2007). In addition to these morphological changes, cancer cells
exhibit excessive cell proliferation and inhibition of normal apoptosis programs that
promote cell survival (Hanahan and Weinberg 2000).
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It is well appreciated that aberrant activation of Ras small GTPases contributes
to multiple human diseases (Schubbert et al. 2007). However, Ras isoforms were
originally characterized as viral oncogenes and subsequently discovered to be
mutated in 30% of human cancers (Shih et al. 1978; Chien et al. 1979; Der et al.
1982; Bos 1989). These oncogenic mutations render Ras proteins GTPase deficient,
resulting in constitutive activation and thus leading to excessive activation of their
downstream signaling pathways that promote many of the steps involved in cancer
(Wennerberg et al. 2005).

Rho GTPases are instrumental in regulating many of the normal cellular pro-
cesses that are misregulated during cancer progression, suggesting that, like mem-
bers of the Ras superfamily, Rho GTPases may also be mutationally activated
in human cancers. However, unlike Ras proteins that are oncogenically mutated
in 30% of human cancers, no naturally occurring mutations in Rho GTPases
have been found, with the exception of one Rho protein to be discussed later
(Ellenbroek and Collard 2007). The absence of mutationally activated Rho GTPases
in human cancers suggests that GTP/GDP cycling of these proteins may be required.
Nevertheless, many of the morphological changes that contribute to tumor cell inva-
sion and migration can be attributed to misregulation of Rho GTPase-driven cell
motility (Ridley 2004; Ellenbroek and Collard 2007). Therefore, this chapter will
focus on alterations of Rho GTPases in cancer at the level of expression or activation
of the small GTPases and the underlying cellular mechanisms by which epigenetic
changes in Rho GTPases contribute to cancer cell migration and invasion. More
importantly, it will specifically focus on how misregulation of Rho GTPase signal-
ing contributes to cancer cell motility in the context of tumor microenvironment.
To that end, it is essential to first understand Rho GTPase regulation and function
during normal cell conditions.

Overview of Rho GTPases: Regulation and Function

Small GTPases of the Ras superfamily function as molecular switches to elicit a
diverse range of cellular processes through numerous signaling pathways (Mitin
et al. 2005; Wennerberg et al. 2005). These cellular processes are initiated by the
release of a myriad of extracellular stimuli, such as hormones, growth factors, and
other signaling molecules, which bind to and activate cell surface receptors capable
of transducing signals to promote multiple biological activities. Extensive research
over the past several decades has implicated the Ras superfamily of small GTPases
as central signaling nodes in regulating such processes as gene transcription, vesi-
cle trafficking, cytoskeleton reorganization, cell survival, and cell cycle progression
(Mitin et al. 2005).

The Ras superfamily of small GTPases includes over 150 GTP-binding proteins,
based on their sequence identity and GTP-binding motifs. The Ras superfamily
of small GTPases can be divided into five subfamilies: Ras, Ran, Rab, Arf, and
Rho, based on sequence and functional similarities (Wennerberg et al. 2005). Most
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small GTPases share this biochemical mechanism, allowing them to function as
molecular switches cycling between GTP- and GDP-bound states, a feature that is
important for their regulation and function (Vetter and Wittinghofer 2001). When in
the GTP-bound state, small GTPases are in an active conformation that allows them
to interact with their downstream effectors, which mediate their diverse biological
activities in response to extracellular stimuli. In addition to conformational changes
and protein regulators of GTP/GDP cycling, small GTPase function is also regu-
lated by posttranslational modification by prenyl and/or palmitoyl lipid moieties.
C-terminal modification of small GTPases by prenylation and/or palmitoylation
helps them associate with cellular membranes where they can both be activated
and be associated with downstream effectors (Takai et al. 2001; Wennerberg et al.
2005). This chapter will focus on the Rho subfamily of GTPases that, like Ras
subfamily members, respond to various extracellular stimuli to promote multiple
biological activities, but are best known for regulating the actin cytoskeleton (Hall
1998; Etienne-Manneville and Hall 2002).

Rho Subfamily of Small GTPases

Rho GTPases are a subfamily of Ras-related small GTPases whose GTPase domains
share 30% sequence identity with members of the Ras subfamily and 40-95%
sequence identity within the Rho subfamily (Wennerberg and Der 2004). The evolu-
tionarily conserved inclusion of the Rho insert domain distinguishes the Rho family
of small GTPases from the other members of the Ras superfamily (Valencia et al.
1991). Like Ras, classic Rho GTPases contain a GTPase domain and short N- and
C-terminal extensions. However, many of the less studied Rho GTPases can be clas-
sified as atypical members of the family based on their divergent structure, function,
and modes of regulation (Aspenstrom et al. 2007).

The Rho GTPase family is comprised of 23 members that can be divided into
6 major branches based on sequence homology and function: RhoA related (RhoA,
RhoB, RhoC), Rac related (Rac1, Rac2, Rac3, RhoG), Cdc42 related (Cdc42, TC10,
TCL, Wrch-1, Wrch-2/Chp), Rnd (Rnd1, Rnd2, Rnd3/RhoE), RhoBTB (RhoBTB1,
RhoBTB2, RhoBTB3), and Miro (Mirol, Miro2). RhoD, Rif, and RhoH/TTF are
also Rho GTPases but are not usually stratified into one of the six subfamilies
because their primary sequences are divergent. The inclusion of the Miro subfamily
is controversial in the GTPase field due to their divergence in structure, and they are
sometimes considered instead to be a distinct subfamily within the Ras superfam-
ily. Alternative splicing of Racl and Cdc42 encodes Rac1b and the brain isoform of
Cdc42, respectively, bringing the family to 25 distinct proteins (Wennerberg and Der
2004). The Rho family GTPases that have the more divergent structure and function,
including the Rnd and RhoBTB subfamilies, RhoH, Wrch-1, and Wrch-2/Chp, are
sometimes grouped together as “atypical” Rho GTPases (Aspenstrom et al. 2007).

It is well appreciated that Rho GTPases orchestrate diverse cellular processes in
a variety of mammalian cell types as well as in yeast, flies, and worms (Boureux
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et al. 2007). Many of the biological functions associated with Rho GTPase activa-
tion, from cytoskeletal rearrangement to gene transcription, have been elucidated
through studying the three classical family members: RhoA, Racl, and Cdc42.
More thorough investigation of other family members of Rho GTPases, such as
Wrch-1, Rnd3, and RhoBTB, has the potential to uncover and understand additional
important signaling pathways and biological functions.

Regulators of Rho GTPase GTP/GDP Cycling

Like other members of the Ras superfamily, Rho GTPases function as molecular
switches, cycling between an active, GTP-bound state and an inactive, GDP-bound
state. When GTP-bound, Rho GTPases elicit various biological functions through
interaction with their downstream effectors. Their slow intrinsic GTPase activity
turns Rho family proteins off to their GDP-bound state, thus terminating their signal-
ing capabilities. However, members of the Rnd subfamily and RhoH are chronically
GTP-bound in their wild-type forms (Foster et al. 1996; Li et al. 2002; Wennerberg
and Der 2004). Since GTP-bound Rho GTPases mediate diverse cellular func-
tions, tight regulation of their GTP/GDP cycling is necessary for normal cellular
homeostasis.

Three classes of regulatory proteins facilitate GTP/GDP cycling of Rho GTPases:
guanine nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs),
and guanine nucleotide dissociation inhibitors (GDIs) (Wennerberg and Der 2004).
GEFs accelerate the release of GDP and subsequent binding of GTP to GTPases
by inducing specific conformational changes within their switch regions. These
changes allow for high-affinity interaction of Rho GTPases with their effectors,
leading to downstream signaling (Schmidt and Hall 2002). To date there are two
distinct groups of Rho GEFs. The largest group of Rho GEFs comprises the Dbl
family, characterized by tandem Dbl homology (DH) and Pleckstrin homology (PH)
domains that are important for their exchange activity. The central dogma of Dbl
family activation of Rho GTPases is that the PH domain interacts with phospho-
lipids, which promotes the proper localization and subsequent activation of the
catalytic DH domain through allosteric mechanisms. There are 69 human Dbl fam-
ily Rho GEFs that contain the tandem DH/PH cassette; these have divergent domain
architecture in regions outside of this cassette that reflect the diversity of signals
and cellular functions mediated by activated Rho GTPases (Rossman et al. 2005).
The second group of Rho GEFs consists of 11 proteins that form the Dock family
(Cote and Vuori 2007). Members of the Dock family of GEFS do not contain the
catalytic DH domain but are comprised of two regions of high sequence conser-
vation, Dock homology region-1 and -2 (DHR-1 and DHR-2). The DHR-2 domain
alone or in combination with its partner protein Elmo catalyzes nucleotide exchange,
while the DHR-1 domain is structurally similar to C2 domains known to interact
with phospholipids (Meller et al. 2005). The vast number of Rho GEFs highlights
the diversity of signaling inputs capable of activating Rho GTPases to elicit their
biological activities.
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As stated previously, the GTPase activity of GTP-binding proteins is intrinsically
slow and thus mechanisms to accelerate their GTPase activity are necessary to ter-
minate their signaling outputs. GAPs increase the slow intrinsic GTP hydrolysis of
GTPases and thus promote the formation of the GDP-bound, inactive state (Vetter
and Wittinghofer 2001). GAPs for Rho GTPases contain a major structural element,
the “arginine finger,” which promotes their shared mechanism of action (Moon and
Zheng 2003). When GAPs interact with a GTP-bound GTPase, this “arginine finger”
present in the GAP is inserted into the active site of the GTPase to facilitate the tran-
sition from the GTP-bound state to a nucleotide-free state and subsequent reloading
with GDP (Lamarche and Hall 1994; Vetter and Wittinghofer 2001). The human
genome contains 160 potential GAPs for the Ras superfamily of GTPases, with
approximately 70 of these identified proteins being GAPs for the Rho subfamily
alone (Bernards 2003). Like the numerous GEFs, the existence of such a copious
number of GAPs for the proportionately small number of Rho GTPases points out
the importance of regulating their activation and inactivation in response to diverse
extracellular stimuli.

The third class of regulatory proteins is that of the GDIs, which were first
characterized as inhibitors of nucleotide exchange, thus blocking effector and
GAP binding of GTP-bound Rho GTPases (Fukumoto et al. 1990; Chuang et al.
1993; DerMardirossian and Bokoch 2005). In addition, Rho GDIs recognize prenyl
groups, which enables them to regulate the membrane association and dissociation
of prenylated Rho family members, effectively blocking their activity (Michaelson
et al. 2001). There is distinct binding specificity for different Rho GTPases
to the three known human Rho GDIs (RhoGDIa/GDIl1, Ly/D4GDIB/GDI2, and
RhoGDIy/GDI3). Rho GDI-mediated masking of the prenyl group on Rho GTPases
functions to sequester Rho proteins to the cytosol, preventing membrane associ-
ation and downstream biological consequences (Hoffman et al. 2000; Dovas and
Couchman 2005).

Although these three distinct classes of regulators for Rho GTPases have proven
to be fundamental in regulating their GTP/GDP cycling, several Rho GTPases
are not regulated in this manner. These proteins fall into the atypical subgroup
of Rho GTPases that includes the Rnd and RhoBTB subfamilies, RhoH, Wrch-1,
and Chp. Evidence for the existence of GEFs and GAPs for atypical Rho GTPases
is lacking, although for at least some of these proteins, GAPs are likely because
mutations analogous to those that cause constitutive activation of their classical
relatives do confer additional activity, indicating that their activity is normally
restrained by one or more GAPs in vivo. In contrast to classic Rho GTPases that
are regulated by GEFs, GAPs, and GDIs, the atypical Rho GTPases are often regu-
lated by their level of expression or additional domains involved in protein—protein
interactions (Aspenstrom et al. 2007). RhoH, Rnd proteins, and RhoBTB proteins
harbor “activating” amino acid substitutions at positions important for GTP hydrol-
ysis, rendering these proteins GTPase deficient (Li et al. 2002; Chardin 2006;
Aspenstrom et al. 2007). However, Wrch-1 and Chp, members of the Cdc42 sub-
family of GTPases, do not contain activating mutations that render them GTPase
deficient. Although Wrch-1 possesses a rapid rate of nucleotide exchange, it was
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shown to be predominantly in the GDP-bound conformation in vivo (Jordan et al.
1999; Saras et al. 2004; Shutes et al. 2004). Whether Chp, like Wrch-1, has
an enhanced nucleotide exchange rate remains to be investigated, since detailed
biochemical analysis has not yet been done.

Rho GTPases as Master Regulators of Actin
Cytoskeletal Dynamics

The founding members of the Rho subfamily of GTPases, RhoA, Racl, and Cdc42,
are activated in response to extracellular stimuli and subsequently induce dynamic
rearrangement of the actin cytoskeleton to regulate cell morphology and polarity
(Hall 1998). Specifically, constitutive activation of RhoA leads to the formation
of contractile actin—myosin filaments (stress fibers) and focal adhesions (Ridley
and Hall 1992). However, membrane ruffling and lamellipodia formation at the
plasma membrane are characteristics of Racl activation (Ridley et al. 1992). Cdc42
activation induces filopodia, which are specific actin filament protrusions at the
plasma membrane (Kozma et al. 1995; Nobes et al. 1995). These effects on the
actin cytoskeleton are mediated by diverse signaling pathways upstream and down-
stream of each Rho family GTPase to promote cell polarity, cell motility, and cell
morphology (Nobes and Hall 1995).

The ability of Rho GTPases to function as master regulators of cell morphology
via manipulation of the actin cytoskeleton to drive diverse cellular functions requires
coordinated actin polymerization and contraction (Bishop and Hall 2000; Ridley
2001). Therefore, it is not surprising that extensive research has been conducted
to investigate the actin polymerization machinery and contractile machinery regu-
lated by Rho proteins. Simplistically, activated RhoA, Racl, and Cdc42 drive actin
polymerization and contraction through distinct downstream effectors. The best
characterized downstream effectors of RhoA responsible for stress fiber formation
are the serine—threonine kinases, ROCKI and ROCKII (Mackawa et al. 1999; Riento
and Ridley 2003). One major pathway downstream of RhoA-mediated activation of
ROCK leads to direct phosphorylation of myosin light chain (MLC) phosphatase,
which indirectly leads to an increase in MLC phosphorylation (Kimura et al. 1996;
Kawano et al. 1999). Upon phosphorylation of MLC, the ATPase activity of myosin
IT is stimulated and promotes the assembly of stress fibers (Amano et al. 1996;
Bresnick 1999). The other target of ROCK serine/threonine kinases downstream of
RhoA is LIM kinase (LIMK) that, when activated by phosphorylation, inhibits the
actin severing protein, cofilin, thereby promoting the stabilization of actin filaments
(Bamburg et al. 1999; Mackawa et al. 1999). Additionally, RhoA stimulates actin
polymerization through its effector proteins, mDial and mDia2, through an indirect
interaction with G-actin-binding protein, profilin (Watanabe et al. 1997; Nakano
et al. 1999; Hotulainen and Lappalainen 2006; Gupton et al. 2007).

In contrast, Racl and Cdc42 coordinately regulate actin polymerization to
promote lamellae, lamellipodia, and filopodia by regulating the Arp2/3 complex
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through distinct effectors or through the common downstream target, p21-activated
kinase (PAK) (Cotteret and Chernoff 2002). One major downstream effector that
allows Cdc42 to promote actin polymerization and subsequent filopodia formation
is the scaffolding protein neuronal Wiskott—Aldrich syndrome protein (N-WASP)
(Rohatgi et al. 1999). Racl regulates actin polymerization by activating WASP
family verprolin-homologous protein (WAVE), resulting in altered actin nucleation
activity of the Arp2/3 complex to promote lamellipodia formation (Miki et al.
2000). Like the ROCK serine/threonine kinases, activation of PAK kinase activ-
ity downstream of Racl or Cdc42 induces phosphorylation of LIMK, promoting
actin filament stabilization (Edwards et al. 1999). In addition, active Rac- and
Cdc42-stimulated PAK activation increases MLC kinase (MLCK) phosphorylation
to decrease actomyosin contraction (Sanders et al. 1999). Coordinated spatiotem-
poral activation of these major pathways downstream of Rho GTPases is required
for cell motility, which is driven by cycles of actin polymerization, cell adhesion,
and actomyosin contraction. Therefore, misregulation of Rho GTPases during tumor
progression can contribute to cancer cell motility by modulating actin dynamics and
cell adhesion, which are necessary for invasion and metastasis (Price and Collard
2001; Ridley 2001; Ridley 2004; Olson and Sahai 2008).

Aberrations of Rho Activity in Cancer

It is clear that misregulation of Rho protein signaling occurs in cancer and con-
tributes to aberrant growth, dedifferentiation, invasion, and metastasis. However, no
activating mutations of Rho GTPases have been isolated from human cancers analo-
gous to those identified in Ras subfamily members. Therefore, deregulation of Rho
protein signaling must occur through altered expression of the GTPases themselves
or of their activation that can in turn be achieved through alterations in Rho GTPase
regulators or in their upstream and downstream signaling components. Extensive
studies have elucidated several alterations in Rho GTPase signaling components
that contribute to cancer initiation and progression.

Alteration of Rho GTPases in Cancer

RhoH is the only Rho GTPase whose sequence has been found to be genetically
altered in human cancers. The RhoH gene has been found to be rearranged in non-
Hodgkin’s lymphomas and multiple myeloma, along with mutations in the 5’UTR
in diffuse large cell lymphomas (Preudhomme et al. 2000; Pasqualucci et al. 2001).
The common rearrangement found in these hematopoietic cancers is caused by a
t(3;4)(q27;p11-13) chromosomal translocation resulting in a gene fusion with the
BCL3/LAZ3 oncogene (Dallery-Prudhomme et al. 1997). However, it is unknown
whether or how these RhoH translocations and hypermutations contribute to the
pathology of these cancers. Although other Rho GTPases have not been found to
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be genetically altered in cancer, the expression and activation of several of the Rho
GTPases have been reported to be misregulated in human cancers. Altered expres-
sion of RhoA, RhoB, RhoC, Racl, Raclb, Rac2, Rac3, RhoG, Cdc42, RhoH/TTF,
and Rnd3/RhoE have been reported in various human cancers, including breast,
colon, lung, pancreatic and gastric carcinomas, as well as melanoma and lymphomas
(Ellenbroek and Collard 2007).

Specifically, upregulation of RhoC is associated with aggressive cancers such
as pancreatic ductal adenocarcinoma, metastatic gastric carcinoma and melanoma,
inflammatory breast cancer, and non-small cell lung cancer (NSCLC) (Suwa et al.
1998; van Golen et al. 2002; Shikada et al. 2003; Liu et al. 2004). Expression of the
Racl splice variant Raclb, that is known to be constitutively active due to acceler-
ated GDP/GTP exchange, is elevated in colorectal and breast tumors (Jordan et al.
1999; Schnelzer et al. 2000). The selective advantage for Raclb overexpression in
these cancer types may involve Raclb-induced cell survival due to its activation
of NFkB (Matos and Jordan 2005; Radisky et al. 2005). Interestingly, Raclb is
also thought to contribute to EMT by upregulating the transcription factor Snail
(Radisky et al. 2005). Other specific contributions of these individual GTPases to
tumorigenesis, tumor progression, and maintenance require further investigations.

Alteration in Regulators of Rho GTPases in Cancer

Misregulated expression of Rho GTPase regulators resulting in deregulated signal-
ing downstream of Rho proteins is also associated with various human cancers.
Several Rho family GEFs, positive regulators of Rho family activation, are found
either overexpressed or truncated in human tumors, leading to constitutive activa-
tion of Rho GTPase-mediated signaling pathways and tumorigenesis. In leukemia,
chromosomal translocations result in BCR-ABL and MLL-LARG chimeras that
contribute to tumorigenesis (Kourlas et al. 2000; Kin et al. 2001). The chromo-
somal translocation resulting in the MLL-LARG fusion protein promotes consti-
tutive RhoA activation that potentially contributes to the development of leukemia
(Reuther et al. 2001), while the contribution of the BCR-ABL fusion protein to can-
cer is related to BCR-mediated activation of Abl kinase activity (Arlinghaus 2002).
Not all Rho GEFs are involved in human cancers through chromosomal translo-
cations. The Rac-specific GEF Tiaml is the best characterized GEF in terms of
involvement in cancer initiation and progression. Tiam1 ablation in mice prevents
Ras-induced skin tumor formation, suggesting that Rac activation is involved in
cancer initiation (Malliri et al. 2002). In addition, overexpression of Tiam1 cor-
relates positively with increased invasiveness of both breast and prostate cancer
(Adam et al. 2001; Minard et al. 2005; Engers et al. 2006). However, whether
Tiam1-mediated Rac activation is essential for many of these tumor types remains
to be elucidated. In addition, the Rho family GEF B-Pix is overexpressed in breast
cancer (Ahn et al. 2003), while Vav1 overexpression is associated with both pancre-
atic adenocarcinoma and neuroblastoma (Hornstein et al. 2003; Fernandez-Zapico
et al. 2005).
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Upregulation of the positive regulators of Rho family signaling are not the only
alterations that occur in Rho protein regulators during cancer initiation and progres-
sion. Genomic deletion and promoter methylation results in downregulation of the
RhoGAPs, DLC-1 and DLC-2, in breast cancer and in hepatocellular carcinoma
(Ching et al. 2003; Wong et al. 2003; Yuan et al. 2003a; Yuan et al. 2003b; Yuan
et al. 2004). A recent study shows that DLC-1 loss promotes growth and invasion
of NSCLC through RhoGAP-dependent and -independent mechanisms, suggesting
that increased RhoA activation contributes to this tumor type (Healy et al. 2007).
Overexpression and downregulation of each of the RhoGDIs has been reported in
human cancers of different origins, but the role and mechanism by which this may
contribute to tumor progression remains to be determined (Dovas and Couchman
2005; Zhang and Zhang 2006). Together, these reports of alterations in Rho GTPases
themselves and of their positive and negative regulators in human cancers illustrate
the importance of validating these proteins as drug targets for cancer treatment and
of discovering pharmacologic inhibitors of the validated proteins to combat cancer
development and progression.

Alteration of Rho GTPase Downstream Effectors in Cancer

Another mechanism by which Rho GTPase signaling deregulation can contribute
to cancer is through alteration in their downstream effectors. Many of the PAK ser-
ine/threonine kinase isoforms are overexpressed in different tumor types and may
contribute to tumor initiation and progression (Kumar and Vadlamudi 2002). PAK-1
upregulation in breast cancer cell lines promotes anchorage-independent growth and
abnormal mitotic spindle organization (Vadlamudi et al. 2000). In addition, overex-
pression of ROCKI and ROCKII in bladder and testicular cancer may contribute
to the invasiveness of these cancer cells by modulating actin dynamics to promote
cell motility (Kamai et al. 2003; Kamai et al. 2004). Further investigation into small
molecule inhibitors of the PAK kinase and ROCK kinase and their ability to block
cancer progression will be an interesting endeavor. More importantly, determining
whether other Rho GTPase downstream effectors are misregulated in cancer remains
to be elucidated.

Rho GTPase Contributions to Tumor Cell Motility,
Invasion, and Metastasis

The central role of Rho GTPases in regulating cytoskeletal architecture is key to
their ability to promote cancer progression. As stated previously, the ability of
cancer cells to detach from ECM and each other and acquire motile and invasive
properties is dependent on the activation of signaling pathways associated with the
developmental process of EMT (Guarino et al. 2007). Extensive research has uncov-
ered an integral role for members of the Rho GTPase family in many of the steps that
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lead to cancer cell dissemination into secondary sites. In normal cells Rho GTPase
signaling is tightly regulated so that normal cell—cell contact and cell-matrix con-
tact is maintained. However, genetic or epigenetic changes in Rho GTPases or
their regulators leads to the breakdown of cell-cell adhesion that subsequently pro-
motes altered cell-matrix adhesion, invasion, and metastasis. This section focuses
on mechanisms by which misregulation of Rho GTPases can contribute to tumor
cell motility, invasion, and metastasis.

Altered Cell-Cell Adhesion

Cell junctions and the cytoskeletal network, important structural components of
epithelial cells, contribute to the formation and maintenance of normal cell mor-
phology and promote regulated cell growth and survival. Normal epithelial cell
morphology is maintained by two types of intercellular adhesive junctions: adherens
junctions and tight junctions that together form the apical junctional complex.
Adherens junctions are adhesive structures formed through calcium-dependent
interactions between cadherin molecules on adjacent epithelial cells. Cadherin
molecules, such as E-cadherin, in turn form membrane anchor sites for the actin
cytoskeleton through interactions with catenins, such as p-catenin and a-catenin.
The association of adherens junctions with the cytoskeleton provides strength and
stability to cell-cell contacts (Yap et al. 1997). Interestingly, the formation of
adherens junctions is a prerequisite to the formation of other cellular junctions such
as tight junctions and gap junctions (Gumbiner et al. 1988). Therefore, it is not sur-
prising that the breakdown of adherens junctions is one of the first steps to promote
cancer cell progression and is a prerequisite for cancer cells to acquire motile and
invasive properties.

It is well appreciated that downregulation of E-cadherin-mediated cell—cell adhe-
sion promotes EMT and is associated with cancer progression (Birchmeier and
Behrens 1994; Bracke et al. 1996). The cycle of Rho GTPase activation and inac-
tivation regulates both assembly and disassembly of adherens junctions, suggesting
that the alterations in Rho GTPase signaling discussed above could promote cancer
progression by downregulating E-cadherin-mediated cell-cell adhesion (Evers et al.
2000; Lozano et al. 2003; Malliri and Collard 2003). In some cases hyperactivation
of Racl and RhoA disrupts the assembly of adherens junctions, yet other reports
suggest that normal activity of Racl and RhoA is required for adherens junctions
formation and maintenance (Braga et al. 1997; Braga et al. 1999; Braga et al. 2000;
Sahai and Marshall 2002). These apparently contradictory findings suggest that tight
regulation of Rho GTPase activity is necessary for junction stability. Activation of
Racl downstream of Tiaml expression disrupts adherens junction engagement in
breast cancer cells (Adam et al. 2001). The mechanism by which Racl may con-
tribute to the disassembly of cadherin-based adhesion in this system is by increasing
the turnover of cadherins and catenins through regulation of endocytosis (Quinlan
1999; Akhtar and Hotchin 2001). In contrast, Tiam1 has been shown in various
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other systems to enhance E-cadherin-mediated cell—cell adhesions, thus suppressing
invasion of these epithelial cells. Specifically, Tiam1 overexpression blocks hepato-
cyte growth factor (HGF)-mediated MDCK cell scattering (Hordijk et al. 1997).
Tiam1-mediated Racl activation reverts the Ras-induced fibroblastoid phenotype of
MDCK cells by restoring their E-cadherin adhesions (Sander et al. 1998). While
Racl may inhibit cancer cell invasion by strengthening cell—cell contacts, in colon
cancer cell lines the constitutively active Racl splice variant Raclb promotes dis-
ruption of adherens junctions by downregulating E-cadherin expression downstream
of Wnt signaling (Esufali et al. 2007). Together, these data suggest that proper titra-
tion of Racl activation is necessary for both the stabilization and disassembly of
adherens junctions, and that cell context is a critical determinant of the role of Rac
GTPase activity in the disruption of cadherin-based cell adhesion associated with
cancer progression (Sander et al. 1998; Braga et al. 1999).

In contrast to the complex and context-dependent role for Racl in adherens junc-
tion regulation, RhoA signaling is clearly linked to the disassembly of adherens
junctions. RhoA signaling is essential for the EMT program elicited by activa-
tion of both HGF and TGF-f that involves the disruption of cadherin engagement
(Takaishi et al. 1994; Bhowmick et al. 2001). A very recent report has established
that EphA2 receptor-mediated dissolution of adherens junctions in human cancer
cell lines occurs via a RhoA-dependent mechanism and suggests that RhoA acti-
vation is necessary for malignant progression (Fang et al. 2008). RhoA stimulates
contractile forces that promote adherens junctions dissolution. RhoA-mediated actin
filament contraction was shown to be essential for the Ras-mediated fibroblastic
morphology of MCFI10A mammary epithelial cells and MDCK kidney epithelial
cells (Zhong et al. 1997; Zondag et al. 2000). The proposed mechanism by which
both RhoA and RhoC contribute to the loss of adherens junctions to promote the
motile and invasive phenotype is through activation of the best characterized Rho
effector, ROCK. ROCK activation promotes actin filament contraction that can strip
from the cell surface cadherin molecules that are linked to the actin cytoskeletal
network. Overexpression of ROCK in HCT116 colon cancer cells is sufficient to
induce disassembly of adherens junctions (Sahai and Marshall 2002).

Recent investigation of the crosstalk between Rac and Rho signaling has uncov-
ered distinct mechanisms to spatially and temporally regulate the activity of
these small GTPases to modulate adherens junction engagement in normal and
cancer cells. As stated above, in general, Rac activation promotes junction assem-
bly whereas Rho activation disrupts junction assembly. One study showed that
p120-catenin and p190RhoGAP regulate cell-cell adhesion by coordinating the
antagonism between Rho and Rac (Wildenberg et al. 2006). The data indicate
that, upon receptor activation, Rac stimulates adherens junction complex formation,
which then recruits pl90RhoGAP to cadherin-based junctions via a direct interac-
tion with p120-catenin. The controlled recruitment of p190RhoGAP in turn results
in localized inhibition of RhoA (Wildenberg et al. 2006). In the context of a can-
cer cell, these data suggest that adherens junction dissolution may be promoted
by aberrant overactivation of RhoA or RhoC that overcomes the normal Rac-
mediated downregulation of Rho. The degree to which this finding is generalizable
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and whether other Rho GTPases also contribute to the disruption of cell junctions
associated with the EMT program necessary for tumor progression remains to be
elucidated.

Altered Cell-Matrix Adhesion

In addition to breakdown of cell junctions, activation of signaling pathways capable
of increasing cell motility and remodeling the ECM is required for cancer cells to
invade. Degradation and remodeling of ECM are critical to the ability of cancer
cells to become locally invasive. It is well established that Rho GTPases play a role
in the induction of matrix metalloproteinase (MMP) expression. Supporting data
for this contention has been elucidated in both normal and cancer cells. One recent
study highlighted the finding that activation of Vav1l and Vav2 is required for Rac-
mediated upregulation of MMP2 to promote CXCR4 chemokine receptor-mediated
melanoma invasion (Bartolome et al. 2006). Racl activation in HT1080 fibrosar-
coma cells grown in three-dimensional (3D) culture promotes MMP2-dependent
degradation of ECM and subsequent migration through collagen barrier (Matsumoto
et al. 2001). A study of lung cancer cell metastasis in an orthotopic mouse model
has shown that expression of RhoC induces MMP2 and enhances metastatic poten-
tial, whereas dominant negative RhoC inhibits these processes (Ikoma et al. 2004).
Similarly, RhoA activation downstream of LPA in invasive osteosarcoma cells pro-
motes the induction of MMP2 and requires ROCK activity (Matsumoto et al.
2001). These are only a few examples that highlight the importance of investing
future research efforts aimed at determining the involvement of Rho GTPases in
MMP production during tumor progression to promote cancer cell invasion and
metastasis.

Whether inhibitors of MMPs will prove to be successful anti-metastasis ther-
apy remains to be seen. One study has shown that, in the presence of MMP
inhibitors, cancer cells transition to an amoeboid type migration and are still capable
of invading into 3D matrices (Wolf et al. 2003). Specifically, HT-1080 fibrosar-
coma and MDA-MB-231 cancer cells treated with protease inhibitors adapted to
a flexible spherical type of migration that allows these cancer cells to squeeze
through small pores in 3D matrices and dissemination to distant sites when
injected into mouse dermis. Therefore, inhibiting MMPs secreted from cancer cells
themselves or their supporting stroma may not be fruitful to block cancer cell
invasion.

In addition to MMP formation, Rho GTPases are essential for integrin-mediated
motility of cancer cells (Wu et al. 2007). In addition, it is well appreciated that
the formation and remodeling of focal contacts is a dynamic process regulated by
Rho GTPases and that increased turnover of focal contacts in cancer cells promotes
migration. The engagement of focal complexes via integrin binding to components
of ECM and the subsequent activation of Rho GTPases involved in cancer cell
motility will be discussed in the following section.
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Altered Cell Migration

The migration of normal cells and cancer cells is driven by coordinated cycles
of protrusion, adhesion, and contraction. Spatial and temporal regulation of Rho
GTPase activation is intimately involved in the formation of actin-based protru-
sions and contractions along with integrin-mediated adhesions (Ridley 2001). The
central dogma in the field of Rho GTPase-regulated migration is that tempo-
rally regulated activation of Cdc4?2 initiates the polarity of cell migration, while
Rac-mediated lamellipodia extension and integrin adhesion complex formation
promotes the leading edge protrusions in motile cells necessary for forward move-
ment. RhoA activation stimulates cell body contraction and also promotes tail
detachment (Schmitz et al. 2000; Ridley 2001). In addition to their regulation of
actin cytoskeletal dynamics to drive cell motility, Rho GTPases are instrumental
in modulating migration-inhibitory cell—cell interactions and migration-promoting
cell-ECM interactions, as discussed above.

As stated above, activation of Cdc4?2 is essential for regulation of microtubule
dynamics at the leading edge of polarized cells, in order to establish the polarized
cell morphology with a front and a rear. During both single cell and coordinated cell
migration, inhibition of Cdc42 activation disrupts the orientation of the microtubule
organizing center (MTOC), leading to misdirected cell protrusion formation and
subsequent random cell migration (Allen et al. 1998; Etienne-Manneville and Hall
2001; Etienne-Manneville and Hall 2003). Specifically, Cdc42 activation down-
stream of integrin-mediated cell adhesion in cell protrusion at the leading edge of
migration cells stimulates MTOC orientation and cell polarization in both astrocytes
and fibroblasts (Etienne-Manneville 2004). This suggests that Cdc42 activation is
essential for coordinating external cues that govern the direction of cell migration.
Cdc42-mediated filopodia extension through its effectors WASP and N-WASP and
subsequent regulation of the Arp2/3 complex is thought to be an integral mediator
of extracellular environment sensing in many cell types.

The next step essential for cell migration is coordination of lamellipodia exten-
sion and focal complex formation by activated Rac (Small et al. 2002). Active Rac
promotes actin polymerization at the leading edge of cells through various down-
stream targets, with its major target being the Arp2/3 complex capable of promoting
de novo actin nucleation of actin polymerization and the formation of new fila-
ment branches (Bailly et al. 2001; Condeelis 2001). The trigger to activate Rac at
the leading edge of migrating cells remains to be elucidated, but the formation of
integrin-ECM interactions could be one potential mechanism.

It is well appreciated that focal complexes enriched in integrins are localized
in the lamellipodia of migrating cells and important for linking the Rac-mediated
lamellipodia extension to the ECM. Both Rac and Cdc42 activation are required for
focal complex assembly and both Rac and Cdc42 are activated in response to cell
adhesion to ECM (Nobes and Hall 1995; Price et al. 1998; Rottner et al. 1999).
These data suggest a potential mechanism by which Rac and Cdc42 activation is
maintained at the leading edge of migrating cells when new interactions between
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integrins and ECM are engaged. Activation of Rac and Cdc42 subsequently pro-
motes a positive feedback loop in which lamellipodia formation and cell polarity
are initiated and are capable of driving cell migration in the absence of growth
factor signaling. Not surprisingly, ECM composition varies during cell migration
and as a result the speed of cell migration is altered. This alteration is thought to be
dependent on changes in the relative activation of Rac, Rho, and Cdc42 in response
to different ECM components (Ridley 2000). Although focal complex formation
is necessary for cell migration, their turnover is equally important because a high
level of integrin-mediated adhesion inhibits cell migration. Therefore, Rac-mediated
activation of Pak or Rac antagonism of Rho activity each represents a major mecha-
nism by which focal complex disassembly and turnover are modulated (Sander et al.
1999; Zhao et al. 2000).

The final steps involved in the cyclical process (cell body contraction and tail
detachment) of cell migration are regulated by Rho activation. Cell body contraction
is regulated by actomyosin contractility downstream of Rho activation of its major
effector, the serine—threonine kinase ROCK. In many cell types, inhibition of Rho
activity has a negative effect on cell body contraction that subsequently blocks cell
migration (Allen et al. 1997, 1998; Totsukawa et al. 2000). Interestingly, the cell
body contraction mediated by active Rho is associated with amoeboid cell migration
upon protease inhibition (Friedl and Wolf 2003). Like the activation of Rac and
Cdc42, activation of Rho must be regulated in both a spatially and a temporally
controlled manner. Rho activity can block cell migration by strengthening stress
fiber and focal contact formation (Cox and Huttenlocher 1998; Cox et al. 2001).
Inhibition of Rho can promote cell migration by blocking cell body contraction and
by weakening focal complex formation, which then promotes tail detachment in
some cell types (Zhao et al. 2000; Cox et al. 2001), which is often the rate-limiting
step of migration (Palecek et al. 1998).

The mechanisms described above by which Rho GTPases are integral to cell
migration are not unique to normal cells. There are numerous examples of the
dependence of cancer cell migration, invasion, and metastasis on aberrant regulation
of Rho GTPases. For example, aberrant activation of RhoC and ROCK promotes
tumor cell dissemination in mouse models in vivo (Itoh et al. 1999; Clark et al.
2000; Somlyo et al. 2000; Murata et al. 2001). In addition, RhoC overexpression
has been shown to be important in both colon carcinoma and melanoma metastasis
(Clark et al. 2000; Bellovin et al. 2006). Another study has determined that RhoC is
required for tumor progression and metastasis in mice but is not essential for the ini-
tiation of these tumors (Hakem et al. 2005). SiRNA-mediated degradation of either
RhoA or RhoC is known to inhibit the invasion of the highly invasive breast can-
cer cell line MDA-MB-231 in vitro and in vivo (Pille et al. 2005). A recent report
showed a role for RhoA, RhoC, and Racl in the regulation of tumor cell morphol-
ogy, invasion, and tumor cell diapedesis of PC-3 prostate cancer cells (Sequeira
et al. 2008).

In contrast to the more extensive investigations of the role of Rho subfamily
proteins in both normal and cancer cell migration, invasion, and metastasis, the con-
tribution of Rac and Cdc42 subfamily members has been well studied primarily in
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cell migration. Two intriguing studies suggest that Cdc42 activation of its effec-
tors PDK1 and MRCK (myotonic dystrophy kinase-related Cdc42-binding protein
kinase) is important for directed migration of cancer cells in 3D matrix (Gaggioli
et al. 2007; Pinner and Sahai 2008). Investigation into effective inhibitors of the
RhoA and RhoC pathways to block cancer progression and into the involvement
of Rac and Cdc42 subfamily members in invasion and metastasis may be essen-
tial to guide development of optimal treatments for primary tumors before they
undergo EMT.

Dynamic Interplay Between Rho GTPases and the Tumor
Microenvironment

It is becoming widely accepted in the cancer biology field that tumor growth and
metastasis are not driven solely by genetic or epigenetic changes in the cancer cells
themselves but can be supported by the tumor microenvironment. Recent advances
in experimental models have highlighted the importance of tumor—stromal inter-
actions that promote cancer initiation and progression. Tumor-associated stroma
includes a heterogeneous population of cells that can consist of myofibroblasts,
fibroblasts, adipocytes, blood and lymph vessels, and hematopoietic cells, depend-
ing on the tumor origin. In addition, tumor-associated stroma consists of ECM
components such as collagen that influence tumor cell growth and survival, along
with promoting tumor cell migration and invasion. Tumor progression occurs when
stromal cells and cancer cells secrete enzymes and growth factors capable of remod-
eling ECM, stimulating migration, and promoting proliferation and survival. By
producing growth factors and cytokines, tumor cells recruit vasculature and stroma
that when active can stimulate the proliferative and invasive properties of the tumor
cells (Liotta and Kohn 2001). As discussed above, Rho GTPases are essential
modulators of tumor cell migration and invasion through various downstream sig-
naling pathways. Therefore, it is not surprising that recent studies investigating the
dynamic interplay between tumor cells and their associated stroma has highlighted
the importance of Rho GTPases as major players in mediating tumor cell migration
and invasion in response to stromal cells and ECM components, as described below.

Rho GTPase Involvement in ECM Contraction as a Driving Force
Behind Cancer Initiation and Invasion

The role of ECM in tumor initiation and invasion has been most thoroughly inves-
tigated in human breast cancer. Pivotal work by Bissell, Keely, and Weaver has
highlighted the importance of tumor—-ECM interactions as driving forces behind
breast cancer progression. Specifically, the use of 3D cell culture systems and
mouse models has demonstrated that the tissue microenvironment regulates mam-
mary gland development and that alterations in tissue homeostasis contribute to the
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loss of architecture observed in breast cancer. One critical factor that influences
mammary gland function and morphology is the response of tensional forces within
the gland to stresses and stiffness in the local environment (Paszek and Weaver 2004;
Paszek et al. 2005). Increased tension within the mammary gland is associated with
perturbations of differentiation and with breast cancer initiation and progression. To
date there are only a few studies that have investigated a role for Rho GTPases in
this process.

Keely and colleagues recently highlighted the importance of collagen density
as a mediator of tumor initiation and invasion (Provenzano et al. 2006; Provenzano
et al. 2008). These studies used a transgenic mouse mammary tumor model in which
stromal collagen was elevated in the mammary tissue. The use of multiphoton laser
scanning microscopy allowed these researchers to visualize tumors and the interface
between these tumors and their associated stroma. By comparing tumor properties
in otherwise syngeneic mice with or without elevated stromal collagen, this study
provided the first causal evidence that an increase in stromal collagen density is suf-
ficient to promote both tumor formation and the invasiveness and metastatic capacity
of these tumors (Provenzano et al. 2008). These researchers hypothesized that the
increased breast density associated with a stiffer ECM results in altered tensional
homeostasis in breast epithelial cells as discussed above. These changes in ECM
have been shown previously to alter the focal adhesion and Rho GTPase signaling
that results in increased proliferation and the acquisition of an invasive phenotype
(Wozniak et al. 2003; Paszek et al. 2005; Wozniak and Keely 2005). In addition,
it has been suggested that Rho GTPase-mediated cancer cell contractility promotes
ECM reorganization aligning a path for local invasion.

Two independent studies have investigated the role of Rho-mediated contrac-
tility in breast epithelial cells in response to increases in the stiffness of ECM.
Previous experiments had shown that growing breast epithelial cells in detached,
floating 3D collagen gels maintains differentiated structures that produce milk pro-
teins, in contrast to their counterparts grown in attached, 3D collagen gels (Lee et al.
1984). Wozniak et al. reported that growth in the detached but not the attached gels
downregulated RhoA activity (Wozniak et al. 2003). This suggested to the authors
that the levels of Rho activation must be tightly regulated in order to maintain
proper mammary gland differentiation, and they demonstrated that the mechanism
by which breast epithelial cells sense the rigidity of the extracellular environment
is through the Rho effector ROCK (Wozniak et al. 2003), which promotes cellular
contraction of the surrounding ECM. Therefore, these data suggest that an increase
in ECM stiffness by enhanced collagen density surrounding the mammary gland
promotes high levels of Rho activity, which subsequently drives cell proliferation,
dedifferentiation, and migration as a mechanism to promote cancer initiation and
progression.

In a subsequent study, Paszek et al. set out to determine whether increased
tissue stiffness associated with the breast tumor microenvironment could modu-
late mechanotransduction pathways downstream of integrin engagement (Paszek
et al. 2005). This study also determined that matrix stiffness perturbs epithelial
morphogenesis and promotes cell growth by a mechanism involving stimulation
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of integrin clustering that enhanced tumor cell ERK activation and RhoA-mediated
contractility (Paszek et al. 2005). These two independent examples provide evidence
that increased ECM stiffness promotes excessive cell growth, survival, migration,
and invasion through the activation of mechanoresponsive signaling pathways like
the Rho—ROCK signaling cascade in breast cancer. The involvement of tumor—
ECM interactions in other cancer types remains to be elucidated, along with the
involvement of other Rho GTPases.

Rho GTPase Involvement in Fibroblast-Led Invasion
of Cancer Cells

ECM is not the only stromal component known to promote tumor cell invasion.
Countless examples exist in the literature in which tumor cell interactions with
the associated stromal cells help to maintain the transformed phenotype. As stated
above, tumor-associated stroma includes endothelial cells, fibroblasts, myofibrob-
lasts, and hematopoietic cells (Liotta and Kohn 2001; Weinberg 2008). Endothelial
cells are recruited to a developing tumor by tumor-secreted cytokines to support
the malignancy with nutrients and oxygen. The vast numbers of fibroblasts found
in carcinomas are known to be important in maintaining and supporting normal
epithelial tissues. Myofibroblasts are normally involved in tissue reconstruction
as components of wound healing, and their recruitment to the sites of tumors
suggesting that the surrounding tissue responds to tumor formation with normal
wound-healing responses. Unfortunately, the tumor hijacks the wound-healing capa-
bilities of myofibroblasts to sustain its growth (Orimo and Weinberg 2006; Orimo
and Weinberg 2007). In addition, an influx of macrophages is also associated with
tumor mass, consistent with research suggesting that chronic inflammation pro-
motes cancer initiation and progression (Pollard 2004). Although many studies have
highlighted an importance for tumor-associated stromal cells in cancer initiation and
progression, the signaling pathways activated in cancer cells in response to stromal
interactions are only now beginning to be elucidated.

One elegant study employed the use of organotypic culture systems coupled
with confocal, transmission electron, or reflectance microscopy to investigate the
process by which squamous cell carcinoma (SCC) cells could undergo collective
invasion without first undergoing EMT (Gaggioli et al. 2007). To determine the
mechanism by which SCC cells invade through ECM, Gaggioli et al. grew SCC cell
lines on top of a dense matrix composed of collagen and laminins. Interestingly,
the ability of SCC cells having epithelial cell characteristics to invade through
ECM was dependent on co-culture with stromal fibroblasts, while SCC cells hav-
ing mesenchymal characteristics invaded whether stromal fibroblasts were present
or absent. These data suggest that stromal fibroblasts are essential for cancer cells
that retain epithelial characteristics to invade through ECM. When closely exam-
ined with the use of multiphoton confocal time lapse imaging, it was noted that
fluorescently labeled fibroblasts were always the leading cell type in the invading
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chain of cells. Surprisingly, ECM degradation and reorganization mediated by the
leading fibroblasts was capable of promoting the invasion of SCC cells, suggesting
that the fibroblasts were generating tracks within the ECM for SCC cells to follow.
Inhibition of either Rho (with C3 toxin) or ROCK1/2 (with the pharmacological
inhibitors Y27632 or H1152) in the leading stromal fibroblasts was sufficient to
block the invasion of SCC cells, by modulating the ability of the leading fibroblasts
to degrade and remodel the ECM. Loss of RhoA expression (siRNA) or function
(C3) in fibroblasts but not SCC cells blocked collective invasion. Interestingly,
inhibition of Cdc42-mediated activation of its effector MRCK in SCC cells was
also necessary for their ability to follow tracks formed by the fibroblasts (Gaggioli
et al. 2007). This study was the first of its kind to elucidate a mechanism by
which Rho GTPases are involved in tumor—stromal cell interface to influence inva-
sion. Another recent study showed that tumor cells follow macrophages to promote
their intravasation, but the involvement of Rho GTPases in this process was not
investigated.

Conclusions

The use of sophisticated imaging technology and co-culture systems or mouse
models may continue to promote promising research efforts aimed at investigat-
ing the role of the tumor microenvironment in tumor formation and progression. In
addition, the involvement of Rho GTPase signaling pathways can be elucidated. It
will be interesting to unravel the specific genetic changes in different tumor types
and in their surrounding stroma that alter Rho family GTPase function to promote
these processes.
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Chapter 5

Merlin/NF2 Tumor Suppressor and
Ezrin—Radixin—-Moesin (ERM) Proteins
in Cancer Development and Progression

L. Ren and C. Khanna

Cast of characters

The first evidence that mutations in the NF2 (a.k.a. merlin) gene cause neurofibro-
matosis II was obtained over 15 years ago (Rouleau et al. 1993; Trofatter et al. 1993).
The hallmark of this disorder is the occurrence of schwannomas and other central
nervous system tumors, such as meningiomas. Both somatic and germline mutations
were discovered in NF2 patients and in NF2-related tumors. Loss of the wild-type
allele was demonstrated in 75% of all neoplasms, suggesting that NF2 is indeed
a classical tumor suppressor. Curiously, no consistent or recurrent mutations have
been identified in the genes encoding closely related ERM (ezrin—radixin—moesin)
protein genes. There is a single known case of anaplastic large-cell lymphoma,
where a fusion protein of truncated moesin and anaplastic lymphoma kinase was
identified (Tort et al. 2001). However, ERM proteins are important regulators of the
Rho GTPases (see Chapter 4), firmly implicating them in the control of cancer cell
motility, invasion and metastasis.

Introduction: Discovery, Functional Relationship,
and Structural Organization

ERM proteins

Homology

Ezrin, radixin, and moesin are widely expressed proteins known as ERMs that
link the actin cytoskeleton to membrane and membrane-associated proteins. Ezrin,
the prototype ERM protein, is a 585-amino-acid polypeptide first identified in
microvillar structures and shown to be present in actin-containing surface structures
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(Bretscher 1983; Gould et al. 1986; Pakkanen et al. 1987; Turunen et al. 1989).
Radixin, a 583-amino-acid protein with 77% identity to ezrin, was initially iso-
lated from hepatic adherent junctions and was subsequently shown to localize to
microvilli in hepatocytes and other cell types and to the cleavage furrow (Tsukita
et al. 1989; Funayama et al. 1991; Sato et al. 1991). Moesin, which was origi-
nally identified by its ability to bind heparin, was found to be mainly expressed
in endothelial cells and lymphocytes. The cDNA sequence of moesin encodes a
protein of 577 amino acids with 74% identity to ezrin (Sato et al. 1992). The genes
encoding ERM proteins reside on different human chromosomes: radixin is on chro-
mosome 11 with 11 exons (Wilgenbus et al. 1993); ezrin is on chromosome 6 with
13 exons (Turunen et al. 1989; Majander-Nordenswan et al. 1998); and moesin is
on the X chromosome with 12 exons (Wilgenbus et al. 1993). Homologues of ERM
proteins have been identified in Drosophila and C. elegans, although the number
of family members is limited to only one in flies and two nearly identical genes in
nematodes. While this may suggest a single basic function for ERM proteins, recent
genetic studies in mice do not point to complete functional redundancy but rather to
overlapping and distinct functions for ERM proteins (Doi et al. 1999; Kikuchi et al.
2002; Saotome et al. 2004).

Structure and Domain Organization

ERM proteins share homology in sequence structure and function. They are
composed of three domains, an N-terminal globular domain (N-terminal ERM asso-
ciation domain, N-ERMAD); an extended alpha-helical domain; and a charged
C-terminal domain (C-terminal ERM association domain, C-ERMAD). The N-
terminal domain of ERM proteins, called the FERM (four-point-one protein, ezrin,
radixin, moesin) domain, is highly conserved and is also found in merlin, band 4.1
proteins, and members of the band 4.1 superfamily. The crystal structures of ERM
proteins have revealed the FERM domain to be composed of three modules that
together form a compact clover-shaped structure. Although no sequence conserva-
tion is evident, all three subdomains (F1, F2, and F3) have structural homology
to ubiquitin, acyl-CoA-binding protein, and the pleckstrin-homology (PH) domain.
In contrast to the globular FERM domain, the carboxy-terminal domain adopts an
extended structure and is composed of one p-strand and six helical regions that bind
to and cover an extensive area on the FERM domain surface, potentially masking
recognition sites of other proteins. There are possibly very different conformations
for the C-terminal domain depending on whether it is free or bound to F-actin. Ezrin
and radixin also contain a polyproline region between the helical and C-terminal
domains. ERM proteins can undergo intramolecular and/or intermolecular head-
to-tail interactions: both monomers and oligomers exist in cells, but it is not clear
whether all forms are biologically active (Fig. 5.1).

Tissue Localization and Functional Relationship

Although ezrin, radixin, and moesin are coexpressed in most cultured cells, they
exhibit somewhat distinctive tissue-specific expression patterns. For example, ezrin
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Fig. 5.1 ERM family members (ezrin, radixin, and moesin) and merlin/NF2. ERM proteins
consist of three domains: a globular N-terminal, membrane-binding domain (FERM domain or
N-ERMAD), followed by an extended a-helical domain, and a positively charged C-terminal,
actin-binding domain(C-ERMAD). The percentage sequence identity with ezrin in N-terminal
domain is indicated at amino acid sequence level

is highly concentrated in intestine, stomach, lung, and kidney. Moesin is predom-
inantly expressed in lung and spleen, and radixin is primarily found in the liver
and intestine. Ezrin is expressed in epithelial and mesothelial cells, while moesin is
expressed in lymphoid and endothelial cells. The brush border of intestinal epithelial
cells expresses only ezrin, and hepatocytes express only radixin.

The functional redundancy that exists between ERM proteins is supported by
the phenotype of moesin, radixin, and ezrin gene knockout mice. Moesin—/— mice
do not carry any observable phenotype in any of the tissue examined (Doi et al.
1999). Interestingly, the expression and subcellular distribution of ezrin and radixin
in the tissues from the moesin —/— mice are not changed. Similarly, Rdx (encoding
radixin)—/— animals are viable and only exhibit deafness and hepatic abnormalities
(Kikuchi et al. 2002). Deafness in these mice results from defective stereocilia in the
inner and outer hair cells, which exclusively express radixin (Kitajiri et al. 2004).
The ezrin knockout mouse is viable at birth, suggesting the ability of radixin and
moesin to compensate for ezrin during development. Interestingly the fatal pheno-
type of this mouse is characterized by intestinal villous malformations seen at day
13 postpartum. Of note, normal intestinal epithelial cells nearly exclusively express
ezrin (Saotome et al. 2004). Genetic studies using Drosophila and C. elegans extend
further to support the functional redundancy of ERM proteins (Polesello and Payre
2004). In Drosophila, only a single ERM protein/orthologue (Dmoesin) is present.
The functional loss of Dmoesin, in Drosophila, leads to a wide range of devel-
opmental and morphologenic defects which can be largely attributed to abnormal
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epithelial morphogenesis (Jankovics et al. 2002; Polesello et al. 2002; Hipfner et al.
2004; Pilot et al. 20006).

Merlin

Structure

The NF2 tumor suppressor gene encodes the merlin protein (moesin, ezrin, radixin-
like protein). Also known as schwannomin (Rouleau et al. 1993), merlin is an
ERM-related protein with tumor suppressor functions. These tumor suppressor
functions are surprising since no other ERM family members or related proteins
that are associated with the cytoskeleton have been shown to negatively regulate
cell proliferation or growth. In this way, merlin may be a novel type of tumor sup-
pressor. More importantly, the high degree of structural similarity between merlin
and ERM proteins indicates that these proteins might share regulatory mechanisms
and possibly also cellular functions. Human NF2 gene is located on chromosome
22 with 17 exons (Rouleau et al. 1993). Alternative splicing of exon 16 gives rise
to two isoforms of merlin protein, which differ in the last 11 amino acids of the C
terminus. Isoform I has 595 residues and isoform II has 590 residues (Haase et al.
1994; Pykett et al. 1994). Merlin protein is enriched in mouse lung, intestine, spleen,
kidney, spinal cord, and brain (Claudio et al. 1995) and especially enriched during
fetal development in extra-embryonic tissues, heart, and the nervous and skeletal
systems (Huynh et al. 1996). In cultured mammalian cells, merlin is concentrated in
cell protrusions and cell-cell boundaries. Some merlin exhibits diffuse localization
throughout the membrane and cytoplasm, and occasionally has a punctate distribu-
tion that has been attributed to localization in intracellular vesicles or membrane
lipid rafts (McCartney and Fehon 1996; Stickney et al. 2004). A nuclear local-
ization of merlin has also been reported (Kressel and Schmucker 2002; Muranen
et al. 2005).

Structural similarities between merlin and ERM proteins exist (Fig. 5.1). ERM
proteins and merlin can be divided into three apparent functional domains: the
amino-terminal FERM domain, an extended coil—coil region, and a short carboxy-
terminal domain. Furthermore, the merlin FERM domain forms a three-dimensional
structure that is similar to that of ERM proteins (discussed above). Despite these
similarities, there are clear structural differences between merlin and ERM proteins.
One obvious difference is that merlin lacks the carboxy-terminal, actin-binding
domain that is found in ERM proteins. Several studies have shown that merlin can
instead interact with F-actin through actin-binding sites within the FERM domain
(Xu and Gutmann 1998; Brault et al. 2001; James et al. 2001) or indirectly through
BII-spectrin (Scoles et al. 1998). Although the FERM domains are quite similar,
the regions in the merlin FERM domain that are conserved between human and
Drosophila are distinct from ERM proteins. Crystallographic analysis of merlin
FERM domain has shown that most divergent residues are found clustered on the
globular surface, which indicates that they might serve as sites for distinct effector
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binding or regulatory interactions. In addition, a seven-amino-acid stretch known as
the “blue box,” which is unique to merlin homologues, probably forms an essential
part of the interface between the FERM domain and the tail domain in the folded
conformation (LaJeunesse et al. 1998).

Conformational Regulation

ERM proteins

ERM proteins are conformationally regulated. ERM proteins exist in proposed dor-
mant forms in which the C-terminal tail binds to and masks the N-terminal FERM
domain. The activation of ERM proteins is mediated by both exposure to PIP2 and
phosphorylation of the C-terminal threonine (T567 in ezrin, T564 in radixin, T558
in moesin). It is likely that phosphorylation of other residues in ERM proteins is
needed to maintain an open activated conformation for ezrin and to direct ezrin-
specific effects in cells (Wu et al. 2000). Recent studies of ezrin using atomic force
microscopy (AFM) demonstrated that the ezrin activation induced by T567 phos-
phorylation is a two-step process (Liu et al. 2007). In the resting stage, ezrin is
initially folded, with an association of C-ERMAD with the a-helical region fol-
lowed by a second association of N-FERM/C-ERMAD, which forms a completely
closed ezrin molecule. During the process of ezrin activation, modification of the N
terminus following PIP2 binding disrupts the N-FERM/C-ERMAD contact to allow
Thr567 to be exposed for subsequent phosphorylation (Hamada et al. 2000). This
phosphorylation subsequently releases the extreme carboxyl-terminal region from
the F-actin binding (Fievet et al. 2004).

Several protein kinases have been found to phosphorylate the C-terminal threo-
nine residue of the ERM proteins. Examples include PKCa (Ng et al. 2001), PKC6
(Pietromonaco et al. 1998), PKC. (Wald et al. 2008), Rho kinases/ROCK (Matsui
et al. 1998), G protein-coupled receptor kinase 2 (GRK2) (Cant and Pitcher 2005),
myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) (Nakamura et al.
2000), and the Ste20-related kinase Nck-interacting kinase (NIK) (Baumgartner
et al. 2006).

The deactivation of ERM proteins is also important for physiological func-
tions including the dynamics of actin-rich membrane projections. This process
might be triggered by ERM protein dephosphorylation. Moesin T558 dephospho-
rylation has been suggested to be a crucial step for lymphocyte adhesion and
transendothelial migration. The disassembly of microvilli on lymphocyte cell sur-
faces caused by dephosphorylation of moesin facilitates the cell-cell (lymphocyte—
endothelium) contact. Protein phosphatase 2C is involved in the dephosphorylation
of moesin through the activation of Racl small GTPase (Nijhara et al. 2004). In
vivo, dephosphorylation of ERM proteins correlates with microvilli breakdown
induced by anoxia and apoptosis (Chen and Mandel 1997; Kondo et al. 1997)
(Fig. 5.2).
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Fig. 5.2 Activation of ERM proteins. ERM proteins exist as monomers, dimers, and oligomers
with a closed conformation. The activation of ERM proteins is mediated by both exposure to PIP2
and phosphorylation of the C-terminal threonine. The C-terminal residue of activated ERM pro-
teins binds to F-actin filaments. The N-terminal domains of activated ERM proteins are associated
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Beyond the putative C-terminal threonine-activating residues, ERM proteins also
have tyrosine phosphorylation sites (Y145, Y353, Y477 on ezrin). Although not
completely understood, tyrosine phosphorylation may contribute to the regulation
of changes in the actin cytoskeleton. Ezrin tyrosine phosphorylation seems to be
key in the control of cell shape and signaling of epithelial cells, following EGF,
PDGF, and HGF stimulation (Bretscher 1989; Fazioli et al. 1993; Chen et al. 1994,
Crepaldi et al. 1997; Gautreau et al. 2002).

Merlin

Although there is considerable evidence that the open conformation of ERM pro-
teins represents the “active” state of the molecule, the case for merlin is less clear.
Merlin isoform I is also capable of inter-and intramolecular interactions. Merlin
isoform II does not show intramolecular interactions and therefore exists in a con-
stitutively “open” confirmation owing to its exposed ligand-binding sites (Sherman
etal. 1997; Gonzalez-Agosti et al. 1999; Gronholm et al. 1999). Available data sug-
gest that the phosphorylation of the merlin C-terminal serine residue (S518) is not
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analogous to ezrin T567 phosphorylation. Phosphorylation of merlin S518 weak-
ens merlin self-association and inactivates merlin’s growth-suppressing function.
Studies in mammalian cells have shown that the S518D mutation, which mimics the
phosphorylated state, blocks intermolecular interactions between the C/N termini
of merlin (Shaw et al. 1998b; Shaw et al. 2001). Conversely, a S518A mutation,
which blocks phosphorylation at this site, promotes this intermolecular interac-
tion. Nonphosphorylated merlin has been shown to mediate contact inhibition of
growth through its interaction with CD44 by integrating signals from the extracel-
lular matrix (Morrison et al. 2001). However, studies in Drosophila indicate that
merlin mutations that remove the carboxy-terminal tail and therefore eliminate the
possibility of head-to-tail folding result in a constitutively active form of the protein
that provides full genetic rescue of a null merlin mutation (LaJeunesse et al. 1998).
These data indicate that, like ERM proteins, the unfolded form of merlin is active
in vivo. While the lack of S518 phosphorylation correlates well with the growth-
suppressing function of merlin, it has not been definitely shown that active merlin is
necessarily closed. Further work, including in vivo functional analysis in transgenic
mice, will be required to clarify this issue.

The best studied stimulus for merlin S518 phosphorylation is activation of the
small GTPase Racl (Shaw et al. 2001). Rac-induced phosphorylation of mer-
lin S518 appears to be mediated by the major Rac effector p21-activated kinase
(Pak) (Kissil et al. 2002; Xiao et al. 2002). Phospholipids probably also have a
role in merlin regulation (Gonzalez-Agosti et al. 1999). S518 can be phosphory-
lated in a Pak-independent manner by cAMP-dependent protein kinase A (PKA)
(Alfthan et al. 2004). Merlin dephosphorylation is accomplished by myosin phos-
phatase MYPT-1-PPI3 (Jin et al. 2006). Intriguingly, the merlin C-term domain has
a stronger affinity for ezrin N-term domain than for merlin N-term domain, and
ezrin—merlin hetero-oligomers have been detected (Gronholm et al. 1999; Nguyen
et al. 2001). These observations suggest that ERM proteins might control the activa-
tion of merlin or, reciprocally, that merlin might be a regulator of ERM activation.
The biological significance of merlin—~ERM interactions is not well understood.

Cellular Functions

ERM Proteins

Membrane and Cytoskeleton Linker

ERM proteins either directly associate with the cytoplasmic domains of adhesive
type I membrane proteins, such as CD44 (Tsukita et al. 1994; Legg and Isacke 1998;
Legg et al. 2002), CD43 (Serrador et al. 1998; Yonemura et al. 1998), ICAM-1,
-2, and -3 (Heiska et al. 1998; Barreiro et al. 2002; Serrador et al. 2002), or indi-
rectly associate with membrane proteins via PDZ-containing adaptors EBP50 and
E3KARP (Reczek and Bretscher 1998; Donowitz et al. 2005; Fievet et al. 2007).
ERM proteins not only recruit the membrane proteins to the correct localization
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on the cell membrane but also regulate their physiological functions (Fievet et al.
2007). ERM proteins can localize signaling molecules that regulate the activity
of membrane proteins (Dransfield et al. 1997; Lamprecht et al. 1998; Sun et al.
2000; Weinman et al. 2000). ERM may also contribute to the transport/delivery of
membrane proteins for their recycling and vesicular trafficking (Zhou et al. 2003;
Cha et al. 2006; Stanasila et al. 2006). Regulated attachment of membrane pro-
teins to F-actin is essential for many fundamental cellular processes, including the
determination of cell shape, polarity and surface structure, cell adhesion, motil-
ity, cytokinesis, phagocytosis, and integration of membrane transport with signaling
pathways.

Intracellular Signaling

ERM proteins directly and indirectly interact with cytoplasmic signaling molecules.
ERM proteins seem to lie both downstream and upstream in signal transduction
pathways in epithelial and mesenchymal tissues. As described earlier, ERM pro-
tein conformation (activity) is regulated by a combination of phospholipid binding
and phosphorylation. Both events have been proposed to lie downstream of sig-
nals mediated by Rho (Kotani et al. 1997; Fukata et al. 1998; Matsui et al. 1998;
Shaw et al. 1998a; Matsui et al. 1999). Recent evidence also places ERM proteins
upstream of Rho-pathway activation through direct association with proteins that
regulate Rho functions. In vitro studies indicate that ERM binding to RhoGDI,
a potent sequestering factor, releases inactive Rho from the GDI, thereby allow-
ing activation through the exchange of GDP to GTP (Takahashi et al. 1997).
Additional evidence for this model is provided by the interaction of ERM proteins
with hamartin, a product of tumor suppressor gene 7SCI. The loss of the interac-
tion between ERM proteins and hamartin suppresses the activity of Rho GTPase
(Lamb et al. 2000). The possibility that ERM proteins function both upstream and
downstream of Rho implies that ERMs may be involved in a feedback loop for
Rho-pathway autoregulation.

In a similar fashion, ERM proteins seem to act as effectors in PKCa and PKC6
signaling events (Pietromonaco et al. 1998; Legg et al. 2002; Jensen and Larsson
2004). Both kinases have been shown to phosphorylate the conserved C-terminal
threonine and thereby facilitate conformational activation of ERM proteins. In addi-
tion, PKC-mediated phosphorylation has been proposed to regulate interactions
between CD44 and ezrin by altering phosphorylation of the intracellular domain
of CD44 (Legg et al. 2002). Indeed, PKC may regulate the effects of CD44 on
cell proliferation and migration by controlling phosphorylation of both CD44 and
ERM proteins (personal communication, L. Ren and C. Khanna). Several lines of
evidence link ERM functions to growth factor receptor signaling and/or transport.
The ERM proteins are rapidly tyrosine phosphorylated following epidermal growth
factor (EGF) or hepatocyte growth factor (HGF) stimulation (Bretscher 1989; Krieg
and Hunter 1992; Berryman et al. 1993; Crepaldi et al. 1997). Ezrin directly interacts
with HGF receptor (MET) and is required for HGF-induced motility (Crepaldi
et al. 1997).
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Nuclear Localization

To further complicate our understanding of ERM protein biology, Batchelor et al.
recently found ERM proteins to localize in nucleus (Batchelor et al. 2004). The
nuclear localization of endogenous ezrin and moesin is regulated by cell density
and is resistant to detergent extraction, suggesting a tight association with nuclear
structures. Phosphorylation in the C-terminal, actin-binding domain of ERM pro-
teins is not a prerequisite for nuclear localization. A specific nuclear localization
sequence has been identified and is conserved and functional in all ERM family
members. Although the precise nuclear function of ERM proteins is not clear, these
data provide further evidence that an increasing number of cytoskeletal components
directly link the plasma membrane with nuclear events.

Merlin

Membrane and Cytoskeleton Linker

Merlin, like the ERM proteins, localizes to specific regions of cortical actin remodel-
ing. In contrast to the ERMs, merlin does not have an actin-binding domain at the C
terminus but instead may bind actin directly via an N-terminal domain or indirectly
via the cytoskeletal proteins such as PII-spectrin, paxillin, or the ERM proteins.
Merlin also binds to transmembrane adhesion molecules such as CD44. Based
on this, there is increasing evidence to suggest a function of merlin in stabilizing
adherence junctions (AJs).

Stabilizing AJs and Contact-Dependent Growth Inhibition

In normal cells, merlin is recruited to cadherin-containing complexes at nascent
cell—cell contacts and is required for the formation of stable cadherin-containing
adherent junctions (AJs) between cells. Several studies suggest that merlin con-
tributes to the control of contact-dependent inhibition of proliferation (Morrison
et al. 2001; Lallemand et al. 2003; Okada et al. 2005). In cultured primary cells, the
key consequence of Merlin deficiency is a failure to undergo contact-dependent inhi-
bition of proliferation. This may explain the enhanced tumorigenic and metastatic
potential of NF2-deficient tumor cells. Merlin expression and phosphorylation are
regulated by cell density, which also suggests Merlin’s role on cell-cell commu-
nication (Shaw et al. 1998b). Most studies conclude that membrane association is
necessary for the growth-suppressing function of merlin. Mutant versions of merlin
that cannot localize to the membrane cannot inhibit cell proliferation (Surace et al.
2004). In some cells the association of merlin with the hyaluronic acid receptor
CD44 has been shown to be required for contact-dependent inhibition of prolifera-
tion (Morrison et al. 2001). Interestingly, this study identified distinct compositions
of CD44-containing complexes at low cell density [CD44 — hyperphosphorylated
(inactive) merlin~-ERM] and high cell density [CD44 — hypophosphorylated (active)
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merlin], indicating distinct functions for merlin-containing complexes. Recent stud-
ies provide further evidence that Merlin mediates contact inhibition by blocking
recruitment of Rac to matrix adhesions. Pak reverses this inhibition by phospho-
rylating, and thus inactivating, merlin (Okada et al. 2005). In agreement with this
hypothesis, new studies indicate that inactivation of merlin activates Ras signaling
in confluent cells (Jin et al. 2006; Morrison et al. 2007). The fact that defective cell-
cell communication can contribute to both tumor initiation and metastasis provides
an explanation for the tumorigenic and metastatic consequences of NF2 deficiency
in humans and mice.

Signaling Pathways

The function of merlin and the ERM proteins has been linked to the Rho family of
small GTPases that control actin cytoskeleton remodeling. Rac-induced phospho-
rylation of merlin S518 appears to be mediated by Pak. Recent evidence suggests
that merlin can bind to and directly negatively regulates Pak (Kissil et al. 2002;
Legg et al. 2002; Xiao et al. 2002; Gronholm et al. 2003). Overexpression of Merlin
negatively regulates Rac-dependent signaling and NF2—/— cells display phenotypes
that are observed in cells expressing constitutively activate Rac. This reciprocal
(feedback) regulation is also observed in ERM proteins.

Merlin has been reported to physically interact with several proteins that have
established roles in growth factor receptor signaling. Merlin can form a ternary
complex with a novel protein named Magicin and Grb2, an adaptor that coor-
dinates receptor tyrosine kinase and ras signaling. Merlin can also interact with
EBP50/NHE-RF1, a PDZ-domain containing adaptor that has been implicated in the
membrane distribution of receptor tyrosine kinases. It has been reported that merlin
directly controls the surface availability and function of membrane receptors that
regulate proliferation and differentiation by promoting the clearance of receptors
from plasma membrane or sequestering them to a nonsignaling plasma membrane
compartment (Maitra et al. 2006; Curto et al. 2007). The localization of merlin to
vesicle structures under some conditions together with its reported localization to
lipid rafts further supports a role in membrane receptor trafficking.

Physiological Function

ERM Proteins

Epithelial Cell Morphogenesis and Embryogenesis

A requirement for ERM proteins in the morphogenesis of specialized domains
of the plasma membrane has been reported in several different systems. Ezrin is
involved in the biogenesis of apical microvilli and in the formation of a functional
epithelium (Crepaldi et al. 1997; Bonilha et al. 1999; Yonemura and Tsukita 1999;
Dard et al. 2001). Moesin is important for the redistribution of adhesion molecules
to the uropods of activated lymphocytes (Serrador et al. 1999). Radixin and moesin
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also play roles in the formation of nerve growth cones (Castelo and Jay 1999). In
studies of early postnatal ezrin knockout mice, the loss of ezrin leads to substantial
reductions in the apical microvilli and basal infoldings in retinal pigment epithelial
cells and in the Muller cell apical microvilli. Ezrin also has a crucial role in the
early embryogenesis in mouse. The constitutively active ezrin (ezrin T567D) local-
izes around the cell cortex and inhibits cell-cell adhesion and cell polarization at the
eight-cell stage. In reverse, the inactive ezrin (ezrin T567A) is mainly cytoplasmic
and does not perturb compaction at eight-cell stage. However, at the 16-cell stage,
ezrin T567A relocalizes at the basolateral cortex, leading to a strong decrease in the
surface of adherence junctions, and finally, embryos abort development.

Angiogenesis

Under normal conditions in postnatal mammals, endothelial cells (ECs) lining blood
vessel walls are quiescent. Physiological and pathological stimuli can induce ECs
to enter the cell cycle for the purpose of vascular repair or the formation of new ves-
sels, e.g., during wound healing, endometrial proliferation, or tumor growth. Ezrin
may play a role in the regulation of EC proliferation following exposure to TNF-a.
TNF-a-treated ECs exhibit elevation of ezrin expression and phosphorylation of
ezrin through activation of Rho A. Following TNF-a exposure, phosphorylated
ezrin translocates to the nucleus and represses the activity of the cyclin A promoter.
Overexpression of dominant negative ezrin attenuates this TNF-a-induced down-
regulation of the cyclin A promoter activity and mRNA expression, and abrogates
TNF-a-induced repression of EC proliferation in vitro and in vivo (Kishore et al.
2005).

T-Lymphocyte Physiology

Members of the ERM family contribute to lymphocyte transendothelial migration
during homing and inflammation. Ezrin is involved in the generation of the uro-
pod (a posterior cellular protrusion) and in the anchoring of various transmembrane
proteins (ICAMs, CD44, CD43, PSGL-1, and death receptor CD95/Fas) in lympho-
cytes. On the endothelial side of the lymphocyte—endothelial interaction, VCAM-1
and ICAM-1, two major endothelial adhesion molecules, are anchored to the actin
cytoskeleton through ezrin and moesin, where they contribute to the docking struc-
ture of endothelial cells. The polarized T cell interacts with the docking structure
during homing and transendothelial migration.

ERM proteins are responsible for the relocalization of ICAM-3 on the surface
of T cells, which is needed for immune synapse (IS) formation (Roumier et al.
2001; Das et al. 2002; Tomas et al. 2002). It has been demonstrated that ezrin and
moesin, which are generally believed to be functionally redundant, are differentially
localized, and have important and complementary functions in IS formation. Moesin
appears to be important to move the surface protein CD43, a negative regulator of T-
cell activation, out of the center of immunological synapse (Allenspach et al. 2001;
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Delon et al. 2001). In contrast, ezrin interacts with and recruits the signaling kinase
ZAP-70 to the IS (Ilani et al. 2007).

The interaction of ezrin with CD95 (APO/Fas) is an important trigger for
the intracellular signaling cascade, leading to apoptosis induced by this receptor
(Parlato et al. 2000; Lozupone et al. 2004).

Merlin

Morphogenesis

The generation of NF2—/— -mutant mouse models has contributed to our understand-
ing of merlin function in development and tumorigenesis. Merlin is required for
the normal development of several tissues. NF2-null embryos fail to gastrulate due
to extra-embryonic defects (McClatchey et al. 1997; McClatchey and Giovannini
2005). Furthermore, expression of merlin in the mouse embryo appears to be
dynamically regulated during tissue fusion. Merlin expression is low at the lead-
ing front before fusion and high across the fused tissue bridge. A targeted deletion
of NF?2 in the developing nerve system causes neural tube defects by impairing tis-
sue fusion (McLaughlin et al. 2007). This phenotype appears to be derived from the
inability of these merlin-deficient cells to form apico-junction complexes, consistent
with the role of merlin in controlling formation and stabilization of AJs (Lallemand
et al. 2003). Furthermore, merlin heterozygous (+/—) mice develop a wide variety
of malignant tumors, especially fibrosarcomas and osteosarcomas, with a high rate
of metastasis. Interestingly, no increase in tumor risk is seen in human patients who
are heterozygous deficient for NF2. This difference may be explained by the fact
that NF2 and tumor suppressor p53 genes are linked in the mouse (McClatchey
et al. 1998).

Function in Cancer Development and Progression

ERM Proteins

No consistent or recurrent mutations have been identified in the ERM genes in can-
cer conditions. A single case of anaplastic large-cell lymphoma has been described,
where a fusion protein of a truncated moesin and anaplastic lymphoma kinase was
identified (Tort et al. 2001). ERM proteins have been connected with epithelial—
mesenchymal transition (EMT) and tumorigenesis. Coexpression of ezrin and an
activated c-Src mutant-enhanced cell scattering disrupted the cell—cell contacts and
prevented cell aggregation in mouse mammary cancer cells. Pretreatment with an
Src inhibitor PP2 partially restored aggregation of these cells. Expression of a trun-
cated N-terminal domain of ezrin, which has dominant negative function, blocked
the cell scattering effect of the activated c-Src and promoted the formation of cohe-
sive cell—cell contacts (Elliott et al. 2004). Repression of ezrin expression by ezrin
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shRNA in a human breast cancer cell line MDA-MB-231 led to the disruption of
the F-actin cytoskeleton and decreased cell motility and invasiveness. Furthermore,
blocking ezrin function results in an increased expression of E-cadherin and a
decreased phosphorylation of B-catenin by inhibiting phosphorylation levels of c-src
(Li et al. 2008).

Ezrin has been recently shown to be expressed in most human cancers and linked
to progression in several cancers including, carcinomas of endometrium, breast,
colon, ovary, in uveal and cutaneous melanoma, brain tumors, and most recently
soft tissue sarcomas. A brief summary of the associations between ezrin and some
of these human cancers is presented below.

Sarcomas

Studies of ezrin expression in cancer and corresponding normal tissues have sug-
gested uniquely aberrant expression of ezrin in tissues of mesenchymal origin.
Normal human mesenchymal tissues express very little to no ezrin, whereas mes-
enchymal cancers (i.e., sarcomas) are amongst the highest expressors of ezrin
(Bruce et al. 2007). This may suggest a distinct role for ezrin in sarcomas. In
adult soft tissue sarcomas, a direct correlation has been made between histological
grade and ezrin-staining intensity using immunohistochemistry. Furthermore, mul-
tivariate analysis has suggested that high ezrin-staining intensity in primary tumors
is inversely associated with metastasis-free interval. A strong correlation between
ezrin expression and infiltrative growth pattern of the STS was also observed (Weng
et al. 2005).

The role of ezrin in the process of tumor progression and metastasis in three
pediatric tumors — rhabdomyosarcoma (RMS) (Yu et al. 2004), osteosarcoma (OS)
(Khanna et al. 2004), and Ewing’s sarcoma (Krishnan et al. 2006) — has also been
reported. In osteosarcoma and rhabdomyosarcoma, the disruption of ezrin expres-
sion using dominant-negative mutants, antisense RNA or RNA interference (RNA1),
resulted in the inhibition of metastasis. Interestingly, the inhibition or overexpres-
sion of ezrin in these cells appeared to do little to influence primary tumor growth
of these cancers. Mechanistically the connection between ezrin and metastasis has
been explored in osteosarcoma. Ezrin expression appears to provide an early sur-
vival advantage for cancer cells that metastasize to the lung in the mouse models.
Both Akt and MAPK phosphorylation and activity were reduced when ezrin pro-
tein was suppressed. Interestingly, the active phosphorylated form of ezrin does
not appear to be constitutively expressed during metastasis, rather phosphoryla-
tion of ERM proteins was found to be dynamically regulated. Metastatic OS cells
express phosphorylated ERMs early after their arrival in the lung. Surprisingly a
loss of phosphorylated ERM was seen within the growing metastatic lesion, fol-
lowed by a re-expression of phosphorylated ERM at the invasive front of larger
metastatic lesions (Ren et al. 2009). This observation indicates that the regula-
tion of ERM activation/phosphorylation may also play an important role in tumor
metastasis and progression. The connection between ezrin and metastatic progres-
sion was further supported by studies of ezrin protein expression in both pet dogs
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that naturally develop osteosarcoma and pediatric osteosarcoma patients where the
intensity of ezrin expression was linked to poor outcome (Khanna et al. 2001, 2004).
In RMS, ezrin was found to be a direct transcriptional target of Sixl, a
homeodomain-containing transcription factor (Yu et al. 2004). RNA interference
(RNAi)-based knockdown of ezrin fully inhibited the ability of Six1 to promote
metastasis in RMS cells (Yu et al. 2006).

Head and Neck Cancer

Overexpression of ERMs has been linked to tumor progression in the head and neck
squamous cell carcinoma (UADT-SCC) using DNA microarrays (TMA) (Belbin
et al. 2005). At the protein level, high cytoplasmic ezrin expression was signifi-
cantly associated with decreased survival in patients. Strong cytoplasmic moesin
expression was associated with poorer survival, albeit not significantly. In con-
trast, membranous ezrin expression was associated with improved overall survival
(Madan et al. 2006) in these patients.

Melanoma

Ezrin is expressed in most primary melanomas of the skin and in all metastatic
tumors. Ezrin expression correlates with tumor thickness and level of invasion, sug-
gesting an association between ezrin expression and tumor progression (Ilmonen
et al. 2005). In uveal melanoma, multivariate analysis has suggested that ezrin
expression is an independent and significant predictor for metastasis (Makitie
et al. 2001).

Serous Ovarian Carcinoma

In contrast to other cancers, low or weak ezrin expression in serous ovarian carci-
noma correlated with poor patient outcome (Moilanen et al. 2003). In a recent study
of 440 patients assessed by tissue microarray immunohistochemistry, ezrin-staining
intensity had an inverse correlation with tumor grade. These studies suggest that
ezrin may serve different functions in different cell types. Such an explanation is
supported by studies showing that ezrin can mediate different intracellular signals
depending on the cell type and the extracellular environment (Gautreau et al. 1999;
Parlato et al. 2000).

Lung Adenocarcinoma

Radixin expression has been shown to be downregulated in lung adenocarci-
noma, including an early stage bronchioloalveolar carcinoma, by differential display
analysis. Similarly, the expression of moesin and ezrin is also reduced in lung adeno-
carcinoma. Immunohistochemistry has confirmed that lung cancer cells express very
little radixin and moesin, whereas non-neoplastic alveolar and bronchiolar epithelial
cells and endothelial cells express both proteins. In contrast to radixin and moesin,
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weak but significant staining for ezrin has been observed in the majority of cancer
cells. Interestingly, a diffuse cytoplasmic staining pattern has been observed instead
of the characteristic membranous staining pattern, especially in areas where tubular
structures were disorganized. Moreover, ezrin expression appeared to be strongly
induced in tumor cells invading the stroma in a scattered manner, which may sug-
gest that there are cell special functions for ezrin in tumor progression (Tokunou
et al. 2000).

Phagocytic Activity of Ezrin

The phagocytic-like behavior of tumor cells was first observed a century ago and
confirmed more recently in murine and human tumor cells against both dead cells
and inert particles (Marin-Padilla 1977; DeSimone et al. 1980). Most recently, many
morphologic features associated with phagocytosis have been identified in tumors,
and the phagocytic-like activity of these cells has been associated with invasiveness
(Fais 2007). In studies of human malignant melanoma, this phagocytic activity was
observed in tumor cells derived from metastatic lesions, whereas cells obtained from
primary melanomas did not show detectable phagocytic activity (Lugini et al. 2003).
The actin cytoskeleton appears to be connected to the phagocytic activity of tumor
cells. Furthermore, ezrin is involved and necessary for this process. Treatment with
either cytochalasin or antisense oligonucleotides against ezrin markedly inhibited
the phagocytic activity of melanoma cells. Data obtained with murine professional
phagocytes suggest that tumor phagocytic activity may occur through the ezrin-
mediated assembly of the actin filaments on the lysosomal membranes. It is possible
that many of the connections between ezrin and cancer can be explained by changes
in phagocytic activity of cells that occur secondary to dysregulation of the ezrin
activation/phosphorylation.

Merlin

Merlin protein levels are reduced or absent in most sporadically occurring menin-
giomas, schwannomas, and ependymomas, collectively these tumors are described
as neurofibromatosis type 2 (NF2) tumors. Patients with NF2 may have a famil-
ial syndrome with germline heterozygosity for NF2 or may have sporadic NF2,
where both copies of the gene are germline wild type. Missense mutations occur in
the NF2 gene at an extremely low frequency in humans. Nearly all the mutations
are nonsense, frameshift, or splice site mutations that all lead to the production
of N-terminally truncated merlin. Strikingly, truncated merlin species are rarely
detected in primary tumor samples, suggesting that mutant merlin proteins are
unstable and actively degraded. Correlation between NF2 gene mutation frequency
and NF2-associated tumor types provides only a partial picture of merlin involve-
ment in these tumors. This suggested that post-translational regulation of merlin
expression and merlin gene mutations might be involved in the loss of merlin
expression. The cell surface, calcium-dependent protease, calpain, can specifically
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cleave merlin. Interestingly, the calpain system is activated in central nervous sys-
tem tumors with low or absent merlin expression. A recent report also supports
this hypothesis that merlin is phosphorylated by Akt on residues Thr230 and
ser315, which abolishes merlin N/C-terminal interactions and binding to other pro-
teins. Subsequently, Akt-mediated phosphorylation leads to merlin degradation by
ubiquitin (Tang et al. 2007).

Conclusions

Merlin and ERM are proteins that function as linkers between cell membrane and
the actin cytoskeleton. Through this linker function and through other less well-
described functions, these proteins regulate cell morphology, cell adhesion, motility,
cytokinesis, phagocytosis, and integration of membrane transport with signaling
pathways. Not surprisingly, connection to these cellular processes has been part of
the recently described roles these proteins play in tumor biology. Although related
by structure, merlin and the other ERM proteins influence tumor cell biology in dis-
tinct directions. On the one hand, merlin acts as a suppressor of cell growth through
its role in contact inhibition, whereas ezrin has been associated with promoting can-
cer progression. The importance of conformational regulation of these proteins has
been increasingly understood. Transits through conformational forms of these pro-
teins differentially influence the transduction of growth signals in both physiology
and cancer. Indeed, the Rho pathway (discussed in the previous chapter) is one of
the signaling pathways linked to ERM and merlin proteins. Further studies should
provide important insights into the activities of merlin and ERM proteins as linker
proteins and in their regulation of signaling in cancer.
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Chapter 6

von Hippel-Lindau Tumor Suppressor,
Hypoxia-Inducible Factor-1, and Tumor
Vascularization

Huafeng Zhang and Gregg L. Semenza

Cast of Characters

von Hippel-Lindau (VHL) disease is an autosomal dominant, familial cancer syn-
drome that is characterized by the development of various benign and malignant
tumors. The most frequent tumors are hemangioblastoma (HB) in the central ner-
vous system (CNS), pheochromocytoma (Pheo), and renal-cell carcinoma of the
clear-cell type (RCC). VHL families have been subdivided into those with a low
risk of pheochromocytoma (type 1 VHL disease) and those with a high risk of
pheochromocytoma (type 2 VHL disease). VHL type 2 disease is further classi-
fied into three categories: type 2A, type 2B, and type 2C. Type 2A VHL disease
has pheochromocytoma and hemangioblastoma in the CNS, but not RCC. Type 2B
exhibits pheochromocytoma, RCC, and hemangioblastoma. Type 2C disease has
only pheochromocytoma, without hemangioblastoma or RCC.

Individuals with VHL disease harbor a germline mutation in one allele of the
VHL gene and somatic inactivation or silencing of the remaining wild-type allele
results in tumor development (Kim and Kaelin 2004). Type 2 families almost
invariably have missense VHL mutations, while type 1 VHL disease is linked to
many different types of mutations, including nonsense mutations and deletions. In
type 1, type 2A, and type 2B VHL diseases, VHL alleles encode proteins that are
at least partially defective with respect to the regulation of hypoxia-inducible factor
(HIF) la and 2a, whereas the products of type 2C VHL alleles are not defective
in this regard (Clifford et al. 2001; Hoffman et al. 2001). However, the prod-
ucts of type 2C VHL alleles are defective with respect to another VHL function,
i.e., down-regulation of atypical protein kinase C activity (Pal et al. 1997; Okuda
et al. 1999, 2001). Increased atypical protein kinase C activity and consequent
upregulation of JunB seem to promote the survival of pheochromocytoma cells
(Lee et al. 2005).
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The most common sites for hemangioblastoma (HB) development are the cere-
bellum and spinal cord. The symptoms of this disease are largely characterized
by the expansion of the tumor in the cranial space or the spinal cord.
Pheochromocytoma develops in the adrenal gland or paraganglia. RCC develops
in the kidney and is the tumor that most commonly metastasizes to other organs in
VHL disease.

Introduction

In adult life, little angiogenesis occurs in the absence of disease (Hanahan and
Folkman 1996). However, the growth of cancers is dependent on angiogenesis
(Folkman 1995; Carmeliet and Jain 2000). During the earliest stages of tumor
growth, tumors do not demonstrate significant angiogenesis. At sizes up to approxi-
mately 1-2 mm tumors can obtain oxygenation via passive diffusion. When tumors
grow beyond a volume of several cubic millimeters, passive diffusion cannot provide
enough oxygen, and the availability of O, and nutrients is limited by competition
among actively proliferating cells, and diffusion of metabolites is also inhibited by
high interstitial pressure (Stohrer et al. 2000). Thus, tumors are required to establish
their own vascular supply, which is also referred as tumor neovascularization. New
vessels are required not only to provide oxygen, but also to provide nutrients and
dispose of cellular metabolic waste. Thus, a major event in tumor development is
the angiogenic switch, an alteration in the balance between pro- and anti-angiogenic
factors that leads to tumor vascularization, following which the tumor assumes a
more aggressive form characterized by rapid growth (Hanahan and Folkman 1996).

Angiogenesis, which refers to the budding of new capillary branches from
preexisting capillaries, may be stimulated by changes within the endothelial cell
microenvironment including genetic change, trauma, hypoxia, oxidative stress, and
mechanical strain. Hypoxia is perhaps the best-characterized initiator of angiogen-
esis, and HIF-1-regulated factors are involved in different steps in angiogenesis
(Semenza 2000). The rapid growth of solid tumors creates an hypoxic microenviron-
ment. Hypoxia-induced and HIF-1-mediated angiogenic growth factor production
plays a major role in tumor vascularization. HIF-1 gain-of-function in human can-
cer cells resulted in increased vascularization of tumor xenografts (Ravi et al. 2000).
The following chapter will describe molecular events underlying hypoxic responses
and angiogenesis in RCC.

Renal-Cell Carcinoma

RCC is a highly vascular tumor which originates from the proximal tubule cells
of nephrons, accounts for approximately 2.6% of all cancers in the United States,
and is the sixth leading cause of cancer deaths in developed nations. A quarter of
the patients present with advanced disease, including locally invasive or metastatic
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RCC. A third of the patients who undergo resection of localized disease will have a
recurrence. Although with the emergence of nephron-sparing surgery and other non-
surgical techniques, such as radiofrequency ablation, early stage RCC is becoming
a curable condition, the median survival for patients with metastatic disease is only
13 months. Each year in the United States, there are approximately 36,000 new cases
of RCC and 13,000 related deaths (Cohen and McGovern 2005). Though there are
different pathologic subtypes, the majority (~75%) of RCC cases are referred to as
“conventional” or ‘“clear-cell” type (ccRCC) (Cohen and McGovern 2005). More
than 95% of clear-cell kidney cancers occur sporadically within the population,
while the remainder occur as part of relatively rare, inherited genetic syndromes
(Choyke et al. 2003; Cohen and McGovern 2005), which arise from one inherited
mutated VHL allele and the inactivation or silencing of the remaining normal (wild-
type) VHL allele. Thus, the primary genetic defect of clear-cell kidney cancer (in
both sporadic and hereditary forms) involves inactivation of the VHL gene pathway.
Remarkably, in sporadic clear-cell renal carcinomas, somatic VHL gene defects are
detected in 60-90% of patients with this cancer and up to 20% exhibit decreased
VHL expression due to hypermethylation (Gallou et al. 1999; Brauch et al. 2000;
Ma et al. 2001; Kondo et al. 2002). However, VHL mutations are not observed in
non-clear-cell (papillary or chromophobe) histologies. In this chapter, the term RCC
will be used to refer to the clear-cell type renal-cell carcinoma.

The defining feature of RCC is the histologic appearance of large cells with
abundant cytoplasm packed with glycogen and neutral lipids that do not stain with
hematoxylin/eosin. The accumulation of immense quantities of glycogen probably
results from the high level of glucose metabolism observed in RCC; moreover,
the neutral lipid may be contributed by the expression of adipose differentiation-
related peptide (ADRP). ADRP is a HIF-1 target gene that encodes a cell surface
lipid transport molecule, which may promote the cytoplasmic neutral lipid accumu-
lation (Yao et al. 2005). Additional tumor-specific metabolic characteristics, such
as the elevated lactate levels within RCC, may relate to the high rates of glucose
metabolism and the impaired oxidative phosphorylation process for generating ATP.

VHL Gene

The VHL tumor-suppressor gene, which is located on chromosome 3p25-26, was
identified in 1993 (Latif et al. 1993). The gene consists of 3 exons and encodes a
short protein (pVHL) with 213 amino acids. pVHL is a potent tumor suppressor,
as demonstrated by the introduction of a wild-type VHL cDNA into VHL-null RCC
cells, which represses the growth of tumor xenografts in immunocompromised mice
(Iliopoulos et al. 1995). There are two start codons in the first exon of the VHL
gene. Thus, an alternate N-terminal truncated version is produced by utilization of
an in-frame internal ATG translation start site located 54 codons downstream of the
5'-most ATG, producing a 19-kDa product in addition to the 30-kDa 213-amino
acid pVHL product (Blankenship et al. 1999). This second gene product retains the
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tumor-suppressor function of the full-length protein, but its specific role is not clear.
The relative levels of the two pVHL proteins appears to be of little consequence
with respect to the promotion of cancer, as few disease-causing mutations have been
localized in this N-terminal 54-amino acid region. Instead, the tumor-suppressor
activity of pVHL is relegated to the central and C-terminal portions of the protein
(Gao et al. 1995). This gene is evolutionarily conserved in organisms ranging from
Caenorhabditis elegans to humans. VhI”~ mouse embryos are not viable due to
defective placental vasculogenesis, and conditional, systemic inactivation of VAl in
adult mice is also lethal (Gnarra et al. 1997; Ma et al. 2003).

In 1971, Knudson hypothesized that germ line inactivation of one tumor-
suppressor allele in a hereditary cancer syndrome, followed by somatic inactivation
in the remaining allele, led to cancer, whereas somatic inactivation of both tumor-
suppressor alleles led to the sporadic cases (Knudson 1971). Individuals carrying
one wild-type VHL allele and one mutated VHL allele in their germ line develop
VHL syndrome, which is associated with an increased risk of a variety of tumors,
including central nervous system (especially cerebellum and spinal cord) heman-
gioblastomas, pheochromocytomas, as well as RCC. Whereas individuals with
sporadic RCC usually have unilateral kidney involvement, patients with VHL
syndrome often have bilateral multifocal disease of early onset.

VHL Protein

pVHL functions in the proteolysis of HIF-1a and HIF-2a by the ubiquitin protea-
some system (Fig. 6.1). The ubiquitin proteasome system is highly regulated and
involves several steps: initiation by a ubiquitin-activating enzyme (E1), transfer
of activated ubiquitin to a ubiquitin-conjugating enzyme (E2), and conjugation of
ubiquitin to target proteins by an E3 ubiquitin-ligase complex. The E3 ligase com-
plex contains an adaptor molecule, such as pVHL, that determines the substrate
specificity. Successive transfers of activated ubiquitin to lysine-48 of the previously
conjugated ubiquitin molecule lead to the formation of polyubiquitin chains, which
serve as recognition markers for degradation by the 26S proteasome. pVHL func-
tions as the substrate recognition component of an E3 ubiquitin-ligase complex
that contains elongin B, elongin C, Ring box protein 1 (Rbx1), and Cul2 (Pause
et al. 1997). X-ray crystallographic analysis of pVHL has revealed two major pro-
tein domains: an o domain and a  domain. The surface of the o domain (residues
155-192) is primarily responsible for the interaction between pVHL and Elongin
C. The surface of the f domain consists of a seven-stranded f sandwich (residues
63—154) and a helix (residues 193-204) and is primarily responsible for binding
target proteins for ubiquitination (Stebbins, Kaelin and Pavletich 1999).

Known and putative substrates of the pVHL E3 ubiquitin-ligase complex include
atypical protein kinase C; hyperphosphorylated large subunit of RNA polymerase
IT; VHL deubiquitinating enzymes (VDU)-1 and -2; and HIF-1a and HIF-2a. The
substrates that have been most extensively studied are HIF-1a and HIF-2a, both
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Fig. 6.1 HIF-la protein degradation pathways. Two pathways regulate HIF-1a protein stabil-
ity. Under normoxic condition, HIF-1a is hydroxylated at proline residue(s) 402 and/or 564.
Hydroxylated HIF-1a is recognized by pVHL, recruited to the E3 ubiquitin-ligase complex con-
taining Elongin C, Elongin B, Cullin 2, and RBX1, polyubiquitinated, and targeted for proteasomal
degradation. RACK1 competes with heat shock protein 90 (HSP90) for binding to HIF-1a. RACK1
also binds to Elongin C and thereby (as in the case of pVHL) recruits an ubiquitin—ligase complex.
Inhibitors of HSP90, such as 17-AAG, dissociate HSP90 from HIF-1a and thus promote RACK1
binding. Under hypoxic conditions, HIF-a is not hydroxylated, not ubiquitinated, and accumulates
at high levels to form transcriptionally active HIF-1, leading to the transcription of downstream
target genes

of which are induced in response to hypoxia. In the presence of O;, one (or both)
of two prolyl residues in the HIF-a oxygen degradation domain (Pro-402 and Pro-
564 in human HIF-1a) is hydroxylated by members of the EgIN family of prolyl
hydroxylases. Hydroxylated HIF-a is recognized by pVHL, recruited to the E3
ubiquitin—ligase complex, polyubiquitinated, and targeted for proteasomal degra-
dation (Maxwell et al. 1999; Bruick and McKnight 2001; Ivan et al. 2001; Jaakkola
et al. 2001; Yu et al. 2001). Under hypoxic conditions, HIF-a is not hydroxylated,
can not bind to pVHL, and accumulates in the cell. When VHL is lost or mutated,
as in RCC, the pVHL target proteins, HIF-1a and HIF-2a are not degraded and
accumulate at high levels to form transcriptionally active HIF-1, leading to the
transcription of downstream target genes (Iliopoulos et al. 1996; Kaelin 2004).
Hypoxia-inducible genes regulated by HIF-1 encode proteins involved in
angiogenesis (e.g., vascular endothelial growth factor, VEGF), cell proliferation
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(e.g., transforming growth factor a, TGF-a) and migration (e.g., C-MET), glucose
uptake (e.g., the GLUT1 glucose transporter), and acid-base balance (e.g., car-
bonic anhydrase IX, CA9). Overproduction of such hypoxia-inducible mRNAs is
a hallmark of pVHL-defective tumors. When VHL protein is lost, these proteins are
overexpressed, creating a microenvironment favorable for cell proliferation, migra-
tion, and invasion. Thus, cells deficient in VHL behave as if they are hypoxic, even
in conditions of normoxia. The hypervascularity of these tumors can be explained
by a pVHL-dependent defect in ubiquitin-mediated degradation of HIF-a proteins,
leading to increased HIF-1 transcriptional activity with consequent upregulation
of VEGF and other angiogenic growth factors that promote tumor progression
(Semenza 2003).

HIF-1

HIF-1, which functions as a global regulator of oxygen homeostasis in all metazoan
species, is a heterodimeric transcription factor that consists of an oxygen-regulated
subunit, which is designated HIF-1a, and a constitutively expressed subunit, which
is designated as HIF-1f (Semenza and Wang 1992; Wang et al. 1995). Both
HIF-1 subunits are members of the basic helix-loop-helix (bHLH) PER-ARNT-
SIM (PAS)-domain family of transcription factors (Wang et al. 1995). The HLH
and PAS domains mediate heterodimer formation between the HIF-1a and HIF-18
subunits, which is necessary for DNA binding by the basic domains (Jiang et al.
1996). Exposure of cells to graded hypoxia revealed that HIF-1a protein expres-
sion induced by hypoxia was half-maximal at 1.5 — 2% O, and maximal at 0.5%
O,. A second oxygen-regulated protein, which is designated HIF-2a (also known
as endothelial PAS domain protein 1, EPAS1) can also dimerize with HIF-18. The
specific cellular biological processes or tissue-specific contexts that dictate the uti-
lization of HIF-1a vs HIF-2a remain incompletely understood. HIF-1a and HIF-2a
regulate distinct, but overlapping, batteries of target genes (Tian et al.1997; Elvidge
et al. 2006). Another related protein, HIF-3a (also known as inhibitory PAS domain
protein, IPAS), is expressed in certain cell types in the eye and brain and functions
as an inhibitor that is involved in the negative regulation of transcriptional responses
to hypoxia (Makino et al. 2001), but its role in cancer pathophysiology has not been
established.

VHL protein binds the transcriptional factors HIF-1a and HIF-2a directly and
destabilizes them (Maxwell et al. 1999). Under normoxic conditions, HIF-1a (as
well as HIF-2a and HIF-3a) is subjected to O»-dependent ubiquitination that is
initiated by the binding of the pVHL and its recruitment of an E3 ubiquitin-ligase
complex that contains Elongin C, Elongin B, Cullin 2, and RBX1 (Pause et al. 1997,
Ohh et al. 2000). The binding of pVHL is dependent on the hydroxylation of proline
residue(s) 402 and/or 564 of HIF-1a within the so-called oxygen-dependent degra-
dation domain (Bruick and McKnight 2001; Ivan et al. 2001; Jaakkola et al. 2001;
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Yu et al. 2001). The HIF-1a prolyl hydroxylases are dioxygenases that utilize O, and
a-ketoglutarate as substrates. A family of three human HIF-1a prolyl hydroxylases
(HPHs), alternatively designated prolyl hydroxylase domain-containing proteins
(PHDs), was identified and shown to be encoded by the EGLN2, EGLNI, and
EGLN3 genes, respectively (Epstein et al. 2001). Under hypoxic conditions, the
hydroxylase activity is inhibited and HIF-1a and HIF-2a accumulate in the cell as a
result of decreased hydroxylation, ubiquitination, and degradation. In the absence of
VHL, which occurs in the majority of clear-cell type renal-cell carcinoma, HIF-1a
and HIF-2a are hydroxylated but pVHL-dependent ubiquitylation does not occur,
which thus results in the accumulation of high levels of HIF-1a and HIF-2a protein
even under non-hypoxic conditions (Kaelin 2004).

Besides the O»-dependent degradation of HIF-la mediated by PHD/VHL/
Elongin-C/B/Cul2 E3 ubiquitin ligase and proteasome, the receptor for activated C
kinase 1 (RACK1), which was originally identified as an anchoring protein for acti-
vated protein kinase C, promotes the O,/PHD/VHL independent but proteasome-
dependent degradation of HIF-1a (Fig. 6.1). Inhibitors of heat shock protein 90
(HSP90) dissociate HSP90 from HIF-la and induce O,/PHD/VHL-independent
degradation of HIF-1la. RACKI1 competes with HSP90 for binding to the PAS-A
domain of HIF-1a. RACKI1 also binds to Elongin C via an amino acid sequence
with striking similarity to the region of pVHL that interacts with Elongin C. Thus,
RACKI1 recruits an ubiquitin-ligase complex similar to that which is recruited by
pVHL, establishing a parallel but O,-independent pathway for the proteasomal
degradation of HIF-1a (Liu et al. 2007).

In addition to prolyl hydroxylation, HIF-1a is also subjected to O,-dependent
hydroxylation of asparagine residue 803 in the carboxyl-terminal transactivation
domain by factor inhibiting HIF-1 (FIH-1), which is another dioxygenase that uti-
lizes O and a-ketoglutarate (also known as 2-oxoglutarate) (Lando et al. 2002).
The prolyl and asparaginyl hydroxylation reactions require O,, Fe (II), and a-
ketoglutarate and generate succinate and CO; as side-products. Hydroxylation of
asparagine-803 prevents the interaction of HIF-1a with the co-activators p300 and
CBP. Thus, both the half-life and transcriptional activity of HIF-1a are regulated
by Oz-dependent hydroxylation events that provide a direct mechanism by which
changes in O, concentration can be linked to changes in the gene expression
mediated by HIF-1.

In addition to VHL loss of function, many other genetic alterations that inacti-
vate tumor suppressors or activate oncoproteins have been shown to increase HIF-1
activity in cancer cells through a variety of molecular mechanisms (Semenza 2003).
Immunohistochemical analysis of human tumor biopsies has revealed overexpres-
sion of HIF-1a in the majority of common cancers (Zhong et al. 1999; Talks et al.
2000). High HIF-1a levels in tumors reflect the frequent presence of intratumoral
hypoxia and the fact that many common genetic alterations in cancer cells upregu-
late HIF-1a expression. In general, these changes serve to increase the basal levels
of HIF-1a in cancer cells, which serves to amplify the physiological response of
cancer cells to hypoxia.
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Target Genes Transcriptionally Regulated by HIF-1

A recent study of global gene expression using DNA microarrays indicates that more
than 2% of all human genes are directly or indirectly regulated by HIF-1 in arterial
endothelial cells (Manalo et al. 2005). HIF-1 binding sites, designated as hypoxia
response elements, all contain the core consensus nucleotide sequence 5'-RCGTG-
3’, and can be located in the 5'-flanking region of the gene, introns, or 3’-flanking
region. One major function of HIF-1 is to increase O, delivery to cells subjected
to reduced O, availability (hypoxia). When the entire organism is hypoxic, HIF-1
activates transcription of the gene encoding erythropoietin EPO, the glycoprotein
hormone that controls the production of red blood cells and thereby determines
blood Oj-carrying capacity. When hypoxia results from inadequate perfusion of
a specific tissue (ischemia), vascular endothelial growth factor (VEGF) and other
angiogenic cytokines are produced to stimulate new blood vessel formation and/or
the remodeling of existing blood vessels to increase blood flow. HIF-1 also promotes
cell survival under conditions of O, deprivation. HIF-1 activates the transcription of
genes encoding glucose transporters and glycolytic enzymes, such as the glucose
transporter (GLUT1), enzymes of glucose metabolism, such as hexokinase and lac-
tate dehydrogenase A, and the lactate transporter MCT-4, and thereby increases the
capacity for anaerobic ATP synthesis. In addition, HIF-1 controls the expression
of survival factors that can block hypoxia-induced apoptosis, including insulin-like
growth factor 2 (IGF-2) and adrenomedullin (Semenza 2003).

HIF-1a expression levels are correlated with an increased risk of mortality in
several types of carcinoma. The basis for this association is that many genes that
are regulated by HIF-1 play critical roles in many key aspects of cancer biology,
especially angiogenesis, metabolic reprogramming, invasion/metastasis, and drug
resistance (Semenza 2003).

Angiogenesis/Hypoxia

HIF-1a is necessary and sufficient for the hypoxia-induced expression of multi-
ple angiogenic growth factors including angiopoietin 1, angiopoietin 2, placental
growth factor, platelet-derived growth factor B, stromal-derived factor 1, and VEGF
(Kelly et al. 2003). These factors promote the proliferation, migration, and mat-
uration of endothelial cells and pericytes during angiogenesis, which is necessary
to establish and maintain blood supply to the growing tumor mass (Fig. 6.2).
Collectively, these results implicate dysregulation of HIF target genes playing a
causal role in the pathogenesis of different tumors, especially the VHL-defective
RCC.

Consistent with a major role for hypoxia in the overall process, many
genes involved in different steps of angiogenesis are independently regulated by
hypoxia/HIF-1. Those genes include vascular endothelial growth factor (VEGF),
angiopoietin 1 and angiopoietin 2, platelet-derived growth factor B (PDGFB), pla-
cental growth factor (PLGF) and stromal-derived factor 1, and genes involved
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Fig. 6.2 Tumor angiogenesis regulated by VHL and HIF-1. Hypoxia or VHL loss-of-function
stabilizes HIF-1a protein, leading to increased HIF-1 transcriptional activity. HIF-1 activates the
transcription of genes encoding pro-angiogenic factors including vascular endothelial growth fac-
tor (VEGF), placental growth factor (PLGF), platelet-derived growth factor B (PDGFB). PLGF
and VEGEF bind to the receptor tyrosine kinases, VEGFR1 and/or VEGFR2, which mediate mobi-
lization and recruitment of circulating angiogenic cells as well as endothelial cell proliferation,
survival and activation. PDGFB interacts with its receptor PDGFR, modulating the interaction of
endothelial cells with smooth muscle cells/pericytes

in matrix metabolism, including matrix metalloproteinases, plasminogen activator
receptors and inhibitors, and procollagen prolyl hydroxylases, and lysyl oxidase
(Kelly et al. 2003, Semenza 2003; Alvarez et al. 2000).

Under hypoxic conditions HIF-1 activates the transcription of genes encoding
pro-angiogenic factors, most notably VEGF (Wang et al. 1995). VEGF is dra-
matically overexpressed throughout RCC tissue and may be the most important
tumor angiogenic factor. VEGF is a pleiotropic growth factor that mediates multiple
functions including regulation of vessel permeability, endothelial cell activation,
survival, proliferation, invasion and migration. In order to exert biological effects,
VEGF binds to the receptor tyrosine kinases, VEGFR1 and VEGFR2, which are
expressed on the surface of endothelial cells. VEGFR2 mediates the majority of
VEGF downstream angiogenic effects, leading to the most robust upregulation of
angiogenesis, while VEGFRU1 is critical in developmental angiogenesis. VEGF can
also bind to neuropilin 1 and 2, which function as co-receptors to activate endothelial
cells and promote angiogenesis.

Another angiogenic factor that is regulated by hypoxia/HIF-1 is PDGF-B
(Alvarez et al. 2006). Mature PDGF proteins are the dimers PDGF-AA, PDGF-AB,
and PDGF-BB, which interact with two cognate receptors, PDGFRa and PDGFRS,
the activation of which is critical for pericyte proliferation and survival (Alvarez
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et al. 2006). Pericytes are an important supporting cell in blood vessels that main-
tain endothelial cell viability. Although the cell biology of angiogenesis has been
recognized to be far more complicated than originally anticipated, the VEGF and
PDGEF systems are still thought to occupy a central role in tumor angiogenesis.

Angiopoietins, which are also HIF-1 target genes, appear to modulate angio-
genesis in concert with VEGF. Angiopoietin 1 binds to a tyrosine kinase receptor,
Tie-2, to promote endothelial cell pericyte interaction. Angiopoietin 2 binds to the
same Tie-2 receptor, but blocks endothelial cell interaction with pericytes, which is
required for endothelial cell sprouting. Several matrix metalloproteases (MMPs) are
also regulated by HIF-1. The best-characterized proteases regulating tumor angio-
genesis are MMP-2 and MMP-9, which are encoded by HIF-1 target genes, as is the
membrane-type MMP, MT1-MMP.

Anti-angiogenic Therapy

Prior to the development of anti-angiogenic therapy, treatment for renal cancer was
limited to the immunotherapeutic agents IFN-a and interleukin-2, which have had
only modest success. Given the paucity of angiogenesis in adults, the growing ves-
sels in tumors present a therapeutic target with fewer potential side effects than
traditional chemotherapies. Besides, endothelial cells have a stable genome and may
not develop drug resistance as rapidly as tumor cells.

Avastin (Bevacizumab), a humanized VEGF-neutralizing antibody, is the first
Food and Drug Administration (FDA) approved drug for anti-angiogenic therapy
in metastatic RCC (Yang et al. 2003). Other strategies have targeted the VEGFR
family. Recently, the FDA approved two new agents for the treatment of advanced
kidney cancer, Sutent (Sunitinib) and Nexavar (Sorafenib). Both agents are small
molecule tyrosine kinase inhibitors that can selectively inhibit both VEGFRs and
PDGFRs (Motzer et al. 2006a,b; Escudier et al. 2007).

As aforementioned, hypoxia/HIF-1 is a potent initiator of tumor angiogenesis,
and inhibitors designed specific for HIF-1 may be useful in combination with anti-
angiogenic therapy. A large number of novel compounds have been shown to inhibit
HIF-1. 2-Methoxyestradiol, which inhibits HIF-1a protein accumulation, is already
in clinical trials (Mabjeesh et al. 2003). Other HIF-1 inhibitors, such as PX-478,
YC-1, and chetomin, also have shown anti-cancer activity in tumor xenograft mod-
els (Kung et al. 2004; Macpherson and Figg 2004; Welsh et al. 2004). Importantly,
as mentioned above, small molecule inhibitors of HSP90 promote degradation
of HIF-1a proteins (Fig. 6.1) in a pVHL-independent manner (Liu et al. 2007).
The HSP9O0 inhibitors 17-AAG (17-allylamino-17-geldanamycin) and 17-DMAG
(17-N-allylamino-17-demethoxygeldanamycin), which inhibit HIF-1 activity, are
currently in clinical trials in patients with RCC (Isaacs et al. 2003). Inhibitors of
the mTOR (mammalian target of rapamycin) pathway reduce HIF-1a protein levels
and thereby inhibit HIF-1 transcriptional activity (Hudson et al. 2002). Clinical tri-
als have shown that the novel mTOR inhibitor CCI779 (temsirolimus, Torisel) has
promising activity in patients with advanced RCC (Atkins et al. 2004).
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Conclusions

Advanced renal cancers are notoriously resistant to chemotherapy and radiother-
apy, and novel therapeutic approaches are desperately needed. Multi-drug regimens
that include angiogenesis inhibitors, e.g., targeting of both mTOR and VEGF/PDGF
pathways simultaneously, will need to be studied. The identification of drug combi-
nations that are safe and effective remains a major challenge.

References

Alvarez R.H., Kantarjian H.M., Cortes J.E. (2006) Biology of platelet-derived growth factor and
its involvement in disease. Mayo Clin Proc 81:1241-1257.

Atkins M.B., Hidalgo M., Stadler W.M., Logan T.F., Dutcher J.P., Hudes G.R., Park Y., Liou S.H.,
Marshall B., Boni J.P., Dukart G., Sherman M.L. (2004) Randomized phase II study of multiple
dose levels of CCI-779, a novel mammalian target of rapamycin kinase inhibitor, in patients
with advanced refractory renal cell carcinoma. J Clin Oncol 22:909-918.

Blankenship C., Naglich J.G., Whaley J.M., Seizinger B., Kley N. (1999) Alternate choice of
initiation codon produces a biologically active product of the von Hippel Lindau gene with
tumor suppressor activity. Oncogene 18:1529-1535.

Brauch H., Weirich G., Brieger J., Glavac D., Rodl H., Eichinger M., Feurer M., Weidt E.,
Puranakanitstha C., Neuhaus C., Pomer S., Brenner W., Schirmacher P., Storkel S., Rotter M.,
Masera A., Gugeler N., Decker H.J. (2000) VHL alterations in human clear cell renal cell
carcinoma: association with advanced tumor stage and a novel hot spot mutation. Cancer Res
60:1942-1948.

Bruick R.K. and McKnight S.L. (2001) A conserved family of prolyl-4-hydroxylases that modify
HIF. Science 294: 1337-1340.

Carmeliet P. and Jain R.K. (2000) Angiogenesis in cancer and other diseases. Nature 407:
249-257.

Choyke P.L, Glenn G.M., Walther M.M., Zbar B., Linechan W.M. (2003) Hereditary renal cancers.
Radiology 226:33-46.

Clifford S., Cockman M., Smallwood A.C., Mole D.R., Woodward E.R., Maxwell P.H., Ratcliffe
P.J., Maher E.R. (2001) Contrasting effects on HIF-1a regulation by disease-causing pVHL
mutations correlate with patterns of tumourigenesis in von Hippel-Lindau disease. Hum Mol
Genet 10: 1029-1038.

Cohen H.T. and McGovern E.J. (2005) Renal-cell carcinoma. N Engl J Med 353:2477-2490.

Elvidge G.P., Glenny L., Appelhoff R.J., Ratcliffe PJ., Ragoussis J., Gleadle J.M. (2006)
Concordant regulation of gene expression by hypoxia and 2-oxoglutarate-dependent dioxy-
genase inhibition: the role of HIF-la, HIF-2a, and other pathways. J Biol Chem 281:
15215-15226.

Epstein A.C., Gleadle J.M., McNeill L.A., Hewitson K.S., O’'Rourke J., Mole D.R., Mukherji
M., Metzen E., Wilson M.I., Dhanda A., Tian Y.M., Masson N., Hamilton D.L., Jaakkola P.,
Barstead R., Hodgkin J., Maxwell P.H., Pugh C.W., Schofield C.J., Ratcliffe P.J. (2001) C.
elegans EGL-9 and mammalian homologs define a family of dioxygenases that regulate HIF
by prolyl hydroxylation. Cell 107:43-54.

Escudier B., Eisen T., Stadler W.M., Szczylik C., Oudard S., Siebels M., Negrier S., Chevreau C.,
Solska E., Desai A.A., Rolland F., Demkow T., Hutson T.E., Gore M., Freeman S., Schwartz B.,
Shan M., Simantov R., Bukowski R.M. (2007) TARGET Study Group. Sorafenib in advanced
clear-cell renal-cell carcinoma. N Engl J Med 356:125-134.

Folkman J. (1995) Angiogenesis in cancer, vascular, rheumatoid and other disease. Nat Med 1:
27-31.



130 H. Zhang and G.L. Semenza

Gallou C., Joly D., Mejean A., Staroz F., Martin N., Tarlet G., Orfanelli M.T., Bouvier R., Droz
D., Chretien Y., Marechal J.M., Richard S., Junien C., Beroud C. (1999) Mutations of the VHL
gene in sporadic renal cell carcinoma: definition of a risk factor for VHL patients to develop an
RCC. Hum Mutat 13: 464-475.

Gao J., Naglich J.G., Laidlaw J., Whaley J.M., Seizinger B.R., Kley N. (1995) Cloning and char-
acterization of a mouse gene with homology to the human von Hippel-Lindau disease tumor
suppressor gene: implications for the potential organization of the human von Hippel-Lindau
disease gene. Cancer Res 55:743-747.

Gnarra J., Ward J., Porter F., Wagner J.R., Devor D.E., Grinberg A., Emmert-Buck M.R.,
Westphal H., Klausner R.D., Linehan W.M. (1997) Defective placental vasculogenesis causes
embryonic lethality in VHL-deficient mice. Proc Natl Acad Sci U S A 94:9102-9107.

Hanahan D. and Folkman J. (1996) Patterns and emerging mechanisms of the angiogenic switch
during tumorigenesis. Cell 86:353 — 647.

Hoffman M., Ohh M., Yang H., Klco J., Ivan M., Kaelin W. J. (2001) von Hippel-Lindau protein
mutants linked to type 2C VHL disease preserve the ability to downregulate HIF. Hum Mol
Genet 10:1019-1027.

Hudson C.C., Liu M., Chiang G.G., Otterness D.M., Loomis D.C., Kaper F., Giaccia A.J.,
Abraham R.T. (2002) Regulation of hypoxia-inducible factor 1o expression and function by
the mammalian target of rapamycin. Mol Cell Biol 22:7004-7014.

Iliopoulos O., Kibel A., Gray S., Kaelin W.G. (1995) Tumour suppression by the human von
Hippel-Lindau gene product. Nat Med 1:822-826.

Iliopoulos O., Levy A.P, Jiang C., Kaelin W.G. (1996) Goldberg MA. Negative regulation
of hypoxia-inducible genes by the von Hippel-Lindau protein. Proc Natl Acad Sci U S A
93:10595-10599.

Isaacs J.S., Xu W., Neckers L. (2003) Heat shock protein 90 as a molecular target for cancer
therapeutics, Cancer Cell 3:213-217.

Ivan M., Kondo K., Yang H., Kim W., Valiando J., Ohh M., Salic A., Asara J.M., Lane W.S.,
Kaelin W.G. (2001) HIFa targeted for VHL-mediated destruction by proline hydroxylation:
implications for O2 sensing. Science 292:464-468.

Jaakkola P., Mole D.R., Tian Y.M., Wilson M.L., Gielbert J., Gaskell S.J., Kriegsheim A.v. ,
Hebestreit H.F., Mukherji M., Schofield C.J., Maxwell P.H., Pugh C.W., Ratcliffe P.J. (2001)
Targeting of HIF-a to the von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl
hydroxylation. Science 292:468—472.

Jiang B.H., Rue E., Wang G.L., Semenza G.L. (1996) Dimerization, DNA binding, and transacti-
vation properties of hypoxia-inducible factor 1. J Biol Chem 271:17771-17778.

Kaelin W.G. (2004) The von Hippel-Lindau tumor suppressor gene and kidney cancer. Clin Cancer
Res 10:6290-6295S

Kelly B.D., Hackett S.F., Hirota K., Oshima Y., Cai Z., Berg-Dixon S., Rowan A., Yan Z.,
Campochiaro P.A., Semenza G.L. (2003) Cell type-specific regulation of angiogenic growth
factor gene expression and induction of angiogenesis in nonischemic tissue by a constitutively
active form of hypoxia-inducible factor 1. Circ Res. 93:1074-1081.

Kim W.Y. and Kaelin W.G. (2004) Role of VHL gene mutation in human cancer. J Clin Oncol
22:4991-5004.

Knudson A.G. (1971) Mutation and cancer: statistical study of retinoblastoma. Proc Natl Acad Sci
U S A 68:820-823.

Kondo K., Yao M., Yoshida M., Kishida T., Shuin T., Miura T., Moriyama M., Kobayashi K., Sakai
N., Kaneko S., Kawakami S., Baba M., Nakaigawa N., Nagashima Y., Nakatani Y., Hosaka M.
(2002) Comprehensive mutational analysis of the VHL gene in sporadic renal cell carcinoma:
relationship to clinicopathological parameters. Genes Chromosomes Cancer 34:58—68.

Kung A.L., Zabludoff S.D., France D.S., Freedman S.J., Tanner E.A., Vieira A.,
Cornell-Kennon S., Lee J., Wang B., Wang J., Memmert K., Naegeli H.U., Petersen F.,
Eck M.J., Bair K.-W., Wood A.W., Livingston D.M. (2004) Small molecule blockade of
transcriptional coactivation of the hypoxia-inducible factor pathway, Cancer Cell 6:33-34.



6 von Hippel-Lindau Tumor Suppressor 131

Lando D., Peet D.J., Gorman J.J., Whelan D.A., Whitelaw M.L., Bruick R.K. (2002) FIH-1 is an
asparaginyl hydroxylase enzyme that regulates the transcriptional activity of hypoxia-inducible
factor. Genes Dev 16:1466-1471.

Latif F., Tory K., Gnarra J., Yao M., Duh EM., Orcutt M.L., Stackhouse T., Kuzmin I., Modi W.,
Geil L. (1993) Identification of the von Hippel-Lindau disease tumor suppressor gene. Science
260:1317-1320.

Lee S., Nakamura E., Yang H., Wei W., Linggi M.S., Sajan M.P,, Farese R.V., Freeman R.S., Carter
B.D., Kaelin W.G., Schlisio S. (2005) Neuronal apoptosis linked to EgIN3 prolyl hydroxy-
lase and familial pheochromocytoma genes: developmental culling and cancer. Cancer Cell 8:
155-167.

Liu Y.V, Baek J.H., Zhang H., Diez R., Cole R.N., Semenza G.L. (2007) RACK1 competes with
HSPI0 for binding to HIF-1a and is required for O2-independent and HSP90 inhibitor-induced
degradation of HIF-1a. Mol Cell 25:207-217.

Ma X., Yang K., Lindblad P., Egevad L., Hemminki K. (2001) VHL gene alterations in renal cell
carcinoma patients: novel hotspot or founder mutations and linkage disequilibrium. Oncogene
20:5393-5400.

Ma W., Tessarollo L., Hong S.B., Baba M., Southon E., Back T.C., Spence S., Lobe C.G., Sharma
N., Maher G.W., Pack S., Vortmeyer A.O., Guo C., Zbar B., Schmidt L.S. (2003) Hepatic
vascular tumors, angiectasis in multiple organs, and impaired spermatogenesis in mice with
conditional inactivation of the VHL gene. Cancer Res 63:5320-5328.

Mabjeesh N.J., Escuin D., LaVallee T.M., Pribluda V.S., Swartz G.M., Johnson M.S., Willard M.T.,
Zhong H., Simons J.W., Giannakakou P. (2003) 2ME2 inhibits tumor growth and angiogenesis
by disrupting microtubules and dysregulating HIF. Cancer Cell 3:363-375.

Macpherson G.R. and Figg W.D. (2004) Small molecule-mediated anti-cancer therapy via hypoxia-
inducible factor-1 blockade. Cancer Biol Ther 3:503-504.

Makino Y., Cao R., Svensson K., Bertilsson G., Asman M., Tanaka H., Cao Y., Berkenstam A.,
Poellinger L. (2001) Inhibitory PAS domain protein is a negative regulator of hypoxia-inducible
gene expression. Nature 414:550-554.

Manalo D.J., Rowan A., Lavoie T., Natarajan L., Kelly B.D., Ye S.Q., Garcia J.G., Semenza G.L.
(2005) Transcriptional regulation of vascular endothelial cell responses to hypoxia by HIF-1.
Blood 105:659-669.

Maxwell P.H., Wiesener M.S., Chang G.W., Clifford S.C., Vaux E.C., Cockman M.E., Wykoff
C.C., Pugh C.W., Maher E.R., Ratcliffe P.J. (1999) The tumour suppressor protein VHL targets
hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 399:271-275.

Motzer R.J., Michaelson M.D., Redman B.G., Hudes G.R., Wilding G., Figlin R.A., Ginsberg
M.S., Kim S.T., Baum C.M., DePrimo S.E., Li J.Z., Bello C.L., Theuer C.P., George D.J.,
Rini B.I. (2006a) Activity of SU11248, a multitargeted inhibitor of vascular endothelial growth
factor receptor and platelet-derived growth factor receptor, in patients with metastatic renal cell
carcinoma. J Clin Oncol 24:16-24.

Motzer R.J., Rini B.I., Bukowski R.M., Curti B.D., George D.J., Hudes G.R., Redman B.G.,
Margolin K.A., Merchan J.R., Wilding G., Ginsberg M.S., Bacik J., Kim S.T., Baum C.M.,
Michaelson M.D. (2006b) Sunitinib in patients with metastatic renal cell carcinoma. JAMA
295:2516-2524.

Ohh M., Park C.W., Ivan M., Hoffman M.A., Kim T.Y., Huang L.E., Pavletich N., Chau V., Kaelin
W.G. (2000) Ubiquitination of hypoxia-inducible factor requires direct binding to the beta-
domain of the von Hippel-Lindau protein. Nat Cell Biol 2:423-427.

Okuda H., Hirai S., Takaki Y., Kamada M., Baba M., Sakai N., Kishida T., Kaneko S., Yao M.,
Ohno S., Shuin T. (1999) Direct interaction of the B-domain of VHL tumor suppressor pro-
tein with the regulatory domain of atypical PKC isotypes. Biochem Biophys Res Commun
263:491-497.

Okuda H., Saitoh K., Hirai S., Iwai K., Takaki Y., Baba M., Minato N., Ohno S., Shuin T. (2001)
The von Hippel-Lindau tumor suppressor protein mediates ubiquitination of activated atypical
protein kinase C. J Biol Chem 276:43611-43617.



132 H. Zhang and G.L. Semenza

Pal S., Claffey K., Dvorak H., Mukhopadhyay D. (1997) The von Hippel-Lindau gene product
inhibits vascular permeability factor/vascular endothelial growth factor expression in renal cell
carcinoma by blocking protein kinase C pathways. J Biol Chem 272:27509-27512.

Pause A., Lee S., Worrell R.A., Chen D.Y., Burgess W.H., Linehan W.M., Klausner R.D. (1997)
The von Hippel-Lindau tumor-suppressor gene product forms a stable complex with human
CUL-2, a member of the Cdc53 family of proteins. Proc Natl Acad Sci U S A 94: 2156-2161.

Ravi R., Mookerjee B., Bhujwalla Z.M., Sutter C.H., Artemov D., Zeng Q., Dillehay L.E.,
Madan A., Semenza G.L., Bedi A. (2000) Regulation of tumor angiogenesis by p53-induced
degradation of hypoxia-inducible factor 1a. Genes Dev 14:34-44.

Semenza G.L. (2000) HIF-1: using two hands to flip the angiogenic switch, Cancer Metastasis Rev
19:59-65.

Semenza G.L. (2003) Targeting HIF-1 for cancer therapy. Nat Rev Cancer 3:721-732.

Semenza G.L. and Wang G.L. (1992) A nuclear factor induced by hypoxia via de novo protein
synthesis binds to the human erythropoietin gene enhancer at a site required for transcriptional
activation. Mol Cell Biol 12:5447-5454.

Stebbins C.E., Kaelin W.G., Pavletich N.P. (1999) Structure of the VHL-ElonginC-ElonginB
complex: implications for VHL tumor suppressor function. Science 284:455—461.

Stohrer M., Boucher Y., Stangassinger M. and Jain R.K. (2000) Oncotic pressure in solid tumors
is elevated, Cancer Res 60:4215-4255.

Talks K.L., Turley H., Gatter K.C., Maxwell P.H., Pugh C.W., Ratcliffe PJ., Harris A.L. (2000)
The expression and distribution of the hypoxia-inducible factors HIF-1a and HIF-2a in normal
human tissues, cancers, and tumor-associated macrophages, Am J Pathol 157:411-421.

Tian H., McKnight S.L., Russell D.W. (1997) Endothelial PAS domain protein 1 (EPASI), a
transcription factor selectively expressed in endothelial cells. Genes Dev 11:72-82.

Wang G.L., Jiang B.H., Rue E.A., Semenza G.L. (1995) Hypoxia-inducible factor 1 is a basic-
helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci U S A
92:5510-5514.

Welsh S., Williams R., Kirkpatrick L., Paine-Murrieta G., Powis G. (2004) Antitumor activity
and pharmacodynamic properties of PX-478, an inhibitor of hypoxia-inducible factor-1a. Mol
Cancer Ther 3:233-244.

Yang J.C., Haworth L., Sherry R.M., Hwu P., Schwartzentruber D.J., Topalian S.L., Steinberg
S.M., Chen H.X., Rosenberg S.A. (2003) A randomized trial of bevacizumab, an anti-vascular
endothelial growth factor antibody, for metastatic renal cancer. N Engl ] Med 349:427-434.

Yao M., Tabuchi H., Nagashima Y., Baba M., Nakaigawa N., Ishiguro H., Hamada K., Inayama Y.,
Kishida T., Hattori K., Yamada-Okabe H., Kubota Y. (2005) Gene expression analysis of
renal carcinoma: adipose differentiation-related protein as a potential diagnostic and prognostic
biomarker for clear-cell renal carcinoma. J Pathol 205:377-387.

Yu F., White S.B., Zhao Q., Lee E.S. (2001) HIF-1a binding to VHL is regulated by stimulus-
sensitive proline hydroxylation. Proc. Natl Acad. Sci. USA 98:9630-9635.

Zhong H., De Marzo A.M., Laughner E., Lim M., Hilton D.A., Zagzag D., Buechler P., Isaacs
W.B., Semenza G.L., Simons J.W. (1999) Overexpression of hypoxia-inducible factor la in
common human cancers and their metastases. Cancer Res 59:5830-5835.



Chapter 7
RAS Oncogenes and Tumor-Vascular Interface

Janusz Rak

Cast of Characters

The discovery of ras oncogenes is amongst the most breathtaking events in the
quest to understand the molecular nature of human cancers. After several years,
during which various laboratories were zooming in on viral oncogenes (Malumbres
and Barbacid, 2003), in 1981, the laboratory led by Robert Weinberg succeeded
in transferring DNA sequences from human cancer cells to immortalized murine
fibroblasts (NIH-3T3), causing their overt malignant transformation (Malumbres
and Barbacid, 2003; Karnoub and Weinberg, 2008). Frantic efforts during the sub-
sequent 2-3 years led to the identification of the responsible mutant genes present
in either bladder (724, EJ) or lung cancer (LX-1) cell lines. An almost serendipitous
comparison of their sequences to that of the viral gene present in the rat sarcoma (v-
ras) led to the realization that these oncogenic DNAs were similar and correspond
to genes presently known as H-ras and K-ras, respectively (Karnoub and Weinberg,
2008). This emerging family was later extended by the discovery of an additional
member present in neuroblastoma cells (N-ras) and currently includes several, more
distantly related entities with different functions (Karnoub and Weinberg, 2008). It
became apparent early on that oncogenic mutations of ras genes are not a result
of tissue culture artifacts but rather are present in naturally occurring human lung
cancers and, as subsequent decades of studies revealed conclusively, in a wide spec-
trum of human malignancies (Karnoub and Weinberg, 2008). This did not dissipate
the mystery of these fascinating genes. Indeed, while ras genes share considerable
sequence homology, biochemical similarity, and analogous manner of oncogenic
activation, they likely have different roles in normal cells and tissues. Their onco-
genic mutation, usually within codons 12, 13, or 61, results in a similarly reduced
GTPase activity and altered patterns of molecular interactions, but they occur with
different frequencies in different human cancers: K-ras being mutated most fre-
quently, especially in pancreatic, colorectal, and lung cancers, while H-ras and
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N-ras are mutated in urinary tract and hematopoietic malignancies, respectively
(Karnoub and Weinberg, 2008). The specific means by which ras mutations trig-
ger malignant growth are still being studied, and one of many such mechanisms is
described in this chapter.

Introduction

The Link Between Oncogenes and Tumor Angiogenesis

In spite of the steady progress in the management of human malignancies, many
remain resistant to presently available therapies and are ultimately incurable.
Therefore, the advent of new therapeutic paradigms, such as biologically based
anticancer therapies and the resulting derivation of, now several hundreds of, tar-
geted agents, inspired great hopes and considerable expectations. Indeed, targeted
drugs were conceived as means to obliterate two major components of the cir-
cuitry driving cancer progression, namely the various predefined intrinsic oncogenic
pathways (signal transduction inhibitors) and the host components essential for
aggressive tumor growth and metastasis (antiangiogenics) (Folkman and Kalluri,
2003; Perez-Atayde et al., 1997).

While long studied as separate entities, tumor angiogenesis (Folkman, 1971;
Folkman and Kalluri, 2003) and molecular oncogenesis (Bishop, 1995; Malumbres
and Barbacid, 2003) have begun to intersect in the late 1980s and the early 1990s.
The turning point in this regard has been the discovery made by the group led
by Noel Bouck of the tumor suppressor (p53)-driven mechanism that controls
the production of thrombospondin-1 (TSP-1), one of the most potent and well-
studied endogenous, matricellular inhibitors of angiogenesis (Rastinejad et al.,
1989; Dameron et al., 1994; Bouck et al., 1996). Shortly thereafter, this finding was
complemented by the realization that dominant-acting oncogenes may also directly
control the angiogenic process in cancer (Thomson and Mackie, 1989). It was also
originally found that this may occur by deregulation of an antithetical mechanism,
namely the increase in expression of proangiogenic molecules, such as vascular
endothelial growth factor (VEGF) in cells harboring oncogenic ras (Rak et al., 1995,
2000; Grugel et al., 1995; Rak and Kerbel, 2003). Indeed, several oncogenes and
tumor suppressors are now known to control both positive and negative influences
that modulate vascular processes in the growing tumors (Rak et al., 2000b; Rak and
Kerbel, 2003; Dews et al., 2006; Janz et al., 2000; Weinstat-Saslow et al., 1994;
Zabrenetzky et al., 1994; Teodoro et al., 20069, 2007; Bouck et al., 1996), thereby
firmly placing the angiogenic phenotype amongst the inherent hallmarks of cancer
(Hanahan and Weinberg, 2000).

It is important to point out that these findings did not negate the traditional views
of tumor angiogenesis as a microenvironmentally driven and somewhat ‘unspe-
cific’ response of the vasculature to the very anomaly of tumorigenesis. In fact, it is
now understood that oncogenic alterations may either drive constitutive changes in
the cancer cell angiome that mimic microenvironmental stresses (Rak et al., 1995,
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2000; Janz et al., 2000; Berra et al., 2000; Bouck et al., 1996) or sensitize such
cells to the effects of hypoxia, inflammation, procoagulant mediators, cell-cell con-
tact, growth factors, and other influences commonly present in the growing tumor
(Mazure et al., 1996, 1997, Laderoute et al., 2000; Giaccia, 2003). Still, it was real-
ized that some of the oncogene-directed anticancer agents may exert their effects in
vivo, at least in part, via reversal/downmodulation of the angiogenic switch driven
by their respective molecular targets (Rak et al., 1995). Finally, this linkage sug-
gested the possibility that the inherently pleiotropic effects of oncogenic lesions
may reset wider molecular networks not only within cancer cells themselves but also
outside of them, in the adjacent host cell compartments, such as tumor-associated
stroma, and even at distant sites, thereby conditioning the host to the development
of the systemic malignancy (Rak and Kerbel, 2003). In this chapter we will discuss
the scope of these oncogene-dependent vascular alterations, especially as they relate
to mutant ras.

Tumor—Vascular Interface and Cancer Progression

One of the most striking features in the progression of human malignancies is the
associated emergence of new and abnormal points of direct contact between the
cellular compartments, from which the disease originates (e.g., epithelia), and the
various facets of the host vascular system. Thus, most of the normal epithelial tissues
(e.g., in the gut, skin, and exocrine glands) are separated from the vasculature by
connective tissue layers and basement membranes. These barriers are compromised
during the course of the malignant process, resulting in the reciprocal structural
interdigitations and functional interactions of vascular (cells, blood, and lymph) and
parenchymal components (cancer cells). Several increasingly well-described pro-
cesses exemplify this transition, including blood vessel co-option by cancer cells,
vascular invasion, onset of capillary hyperpermeability and interstitial leakage of
plasma macromolecules into the proximity of cancer cells, angiogenesis, lymphan-
giogenesis, onset of coagulation, and distant metastasis (Fig. 7.1) (Folkman and
Kalluri, 2003; Holash et al., 1999; Dvorak and Rickles, 2006; Carmeliet, 2005).
The sum of these dynamic contacts and interactions could be described as tumor—
vascular interface (Fig. 7.1) and represents both the outcome and the causal element
in the pathogenesis of the malignant process. This role includes several ‘outside-
in’ effects, such as supply of oxygen, growth factors, metabolites to the growing
tumor cell masses, paracrine and adhesive tumor—vascular interactions, remodel-
ing of the extracellular matrix (ECM), recruitment/retention of the host immune,
inflammatory and bone marrow-derived progenitor cells, delivery of drugs, hor-
mones, and regulatory peptides, and several other effects. However, this interface
also mediates several ‘inside-out’ processes responsible for the systemic manifes-
tations of the malignant disease, notably extravasation of metastatic cancer cells,
emission of angiogenesis-regulating, proinflammatory, hormonal, and metabolic
(e.g., cachexia-inducing) signals, shedding/uptake of tumor-related microvesicles



136 J. Rak

Tumor-vascular interface
(points of contact between cancer cells and the structures, cells
and molecules of the vascular system)

*Vascular invasion
*Vascular cooption
*Vascular permeability
*Angiogenesis
*Vasculogenesis
sLymphangiogenesis
*Paracrine endothelial
cell effects
*Recruitment of bone
marrow cells
*Release of circulating
soluble mediators
eIntravasation of cancer
cells VASCULATURE
*Circulaitng cancer cells
*Metastasis
*Activated coagulation
eActivation of platelets
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*Systemic coagulopathy
*Shedding of tumor
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Fig. 7.1 Constituents of the tumor—vascular interface. Multiple biological processes and variables
are engaged during tumor progression. Many of them are affected by events controlled by the
oncogenic RAS pathway

containing biologically active molecules (Folkman and Kalluri, 2003; Rak et al.,
2006) as well as systemic changes in the status of the coagulation system (Rickles,
2006; Dvorak and Rickles, 2006). While the entire tumor—vascular interface likely
responds to the succession of oncogenic alterations in cancer cells (or cancer stem
cells) (Rak et al., 1995, 2006; Rak and Klement, 2000; Rak and Kerbel, 2003), the
best described vascular consequence of oncogenic mutations is the onset of tumor
angiogenesis (Folkman, 1985)

Tumor Angiogenesis

It is now well established that tumors cannot grow beyond a few millimeters in
diameter, or metastasize, without generating or gaining access to vascular (and
lymphatic) networks (Folkman, 1990; Alitalo and Carmeliet, 2002). Tumor cells
may actively ‘seek’ blood vessel proximity through processes of vascular inva-
sion (Folkman, 1985) or co-option (Holash et al., 1999), provoke the assembly of
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endothelial progenitor cells into new vascular structures (vasculogenesis), or else,
at least in some cases, transdifferentiate into endothelial-like cells (vasculogenic
mimicry) (Hendrix et al., 2003). Blood vessels could also form through the par-
tition of larger vessels by the invaginating external tissue pillars (intussusception)
(Burri, 1991) or through the formation of intraluminal endothelial septa (splitting)
(Carmeliet and Jain, 2000; Carmeliet, 2000). Perhaps, the largest proportion of the
tumor microcirculation, however, originates by a directional branching and exten-
sion (sprouting) of the preexisting vascular channels (angiogenesis) (Carmeliet and
Jain, 2000; Carmeliet, 2000).

Deployment of vascular sprouts is well described (Paku and Paweletz, 1991;
Paweletz and Knierim, 1989; Dvorak et al., 1991; Carmeliet and Jain, 2000;
Gerhardt et al., 2003) and usually entails the initial circumferential enlargement of
the affected capillary of venule, resulting in the formation of a thin-walled mother
vessel (Pettersson et al., 2000). This is followed by focal dissolution of the plasma
membrane, detachment of pericytes, and activation of endothelial cell migration
and proliferation capacities, all of which result in the extension of a cellular cohort
composed of functionally and molecularly distinct endothelial cell subsets of stalk
and tip cells. These cells are programmed for growth/migration and for recognition
of the angiogenic gradient (e.g., immobilized VEGF), respectively, and establish
the rudiment and topology of the newly formed capillary (Gerhardt et al., 2003).
Under the normal circumstances, vascular sprouts eventually anastomose with each
other to permit the blood flow to occur. They also mature by attracting pericytes
and smooth muscle cells, and by developing the basement membrane (Carmeliet
and Jain, 2000; Carmeliet, 2000). These processes are largely triggered by a host
of external proangiogenic stimuli and their gradients, but they are ‘supervised’ by
endogenous programs of participating cells, notably endothelial cells and pericytes
and increasingly recognized bone marrow-derived cells. These include circulating
endothelial progenitor cells (Rafii et al., 2002; Asahara et al., 1997; Bertolini et al.,
2006; Shaked et al., 2006), hematopoietic progenitors (Rafii et al., 2002), various
populations of macrophages (Carmeliet et al., 2001), and other bone marrow-
derived accessory, regulatory, or vasculogenic cells with functions that may depend
on the stage and the nature of the angiogenic process (Shojaei et al., 2008).

Tumor-associated blood vessels are structurally (Ocak et al., 2007), functionally
(Dvorak et al., 1991; Jain, 2001), and molecularly (Neri and Bicknell, 2005; St.
Croix et al., 2000; Seaman et al., 2007) different than their quiescent counterparts,
or the vasculature generated during developmental and reparative processes. This is
believed to be the basis of their selective responses to presently available antiangio-
genics and relative tolerability of these agents to normal tissues (Rak and Kerbel,
1996; Verheul and Pinedo, 2007). However, it is increasingly clear that, contrary to
prior predictions (Folkman, 1971), tumor-associated endothelial cells not only are
distinct from their tumor-unrelated counterparts but also differ in a tumor-specific
fashion, notably with respect to their molecular characteristics often referred to as
tumor endothelial markers (TEMs) (Nanda and St Croix, 2004; St.Croix et al., 2000;
Seaman et al., 2007). While increasing numbers of such endothelial signatures are
being revealed by gene and protein expression profiling techniques (Seaman et al.,
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2007; Carver and Schnitzer, 2003; Ho et al., 2003; Neri and Bicknell, 2005), the
exact reasons why such profound reprogramming of endothelial cells seems to
occurs in the context of cancer are presently unknown.

Nonetheless, the dynamics of tumor neovascularization is controlled by the
detection systems deployed by endothelial (and other) cells to translate the tumor-
derived cues into formation of new vascular sprouts. This apparatus includes
several key entities, such as three VEGF receptor tyrosine kinases (VEGFR-1,
-2, and -3), along with their soluble isoforms, e.g., sSVEGFR-1/Flt-1, and non-
kinase receptors, e.g., neuropilins 1 and 2, all of which interact with various
members of the VEGF family (Ferrara and Gerber, 2001; Yancopoulos et al.,
2000). Another essential regulatory system consists of angiopoietins (especially
Ang-1 and Ang-2) and their Tie-2/Tek receptors, as well as the related orphan
Tie-1 receptor (Jones et al., 2001; Yancopoulos et al., 2000). In addition, vascu-
lar responses are influenced by the Notch/Dll4 pathway (Noguera-Troise et al.,
2006; Leong and Karsan, 2006; Ridgway et al., 2006), integrins, vascular endothe-
lial cadherin (VE-cadherin), and several other adhesion molecules (Liebner et al.,
2006). Important roles are also ascribed to platelet-derived growth factors and
their receptors (PDGFRs) that control pericyte and tip cell behavior (Nystrom
et al., 2006; Lundkvist et al., 2007; Hellstrom et al., 2007; Bergers et al.,
2003; Carmeliet and Jain, 2000; Carmeliet, 2000). More recently, it was uncov-
ered that ephrinB2/EphB4 pathway is involved in arteriovenous determination
of endothelial cell identity (Wang et al., 1998), while several other pathways
provide cues for cellular guidance and patterning (e.g., Slit/Robo or UNCS5B)
(Klagsbrun and Eichmann, 2005; Carmeliet and Tessier-Lavigne, 2005). The
specific roles of these vascular effectors in the angiogenic responses observed
in different tumor settings is only beginning to emerge and the details of the
related studies exceed the scope of this review (for reference, see Carmeliet,
2005).

Angiogenic Factors and Their Interactions

Traditionally, the onset of angiogenesis is described as a consequence of the change
in balance between various pro- and antiangiogenic factors produced in a given
context (Folkman and Kalluri, 2003; Hanahan and Folkman, 1996; Bouck et al.,
1996; Bergers and Benjamin, 2003). However, the increasingly well-understood
finesse of the endothelial/vascular homeostatic apparatus suggests that it may be
more accurate to describe this regulation as a multidimensional signaling network,
where the impact of a particular effector molecule may be modulated by the status
of many others, and the output may not necessarily translate into ‘more angiogen-
esis,” and hence ‘more tumor growth.” For instance, while upregulation of VEGF
by cancer cells (Ferrara and Kerbel, 2005) and stimulation of VEGFR-2/KDR/FIk-
1 are amongst the most consistent correlates and driving forces involved in tumor
progression, several other events take place to shape and modulate this reaction.
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In this regard, it should be kept in mind that VEGF is produced in multiple molec-
ular splice isoforms ranging from more abundant, such as VEGF121, VEGF165,
and VEGF189, to less common, including VEGFs 145, 162, 183, and 206 (Poltorak
et al., 1997; Lange et al., 2003; Jingjing et al., 2001). Importantly, these isoforms
differ in their ability to bind to the extracellular heparinoids and the plasma mem-
brane in the following increasing order: VEGF121<VEGF165<VEGF189 (Neufeld
etal., 1999). These properties profoundly affect the spatial distribution of the respec-
tive ligands, formation of their gradients, and consequently impact the organization
of the vascular growth. For instance, VEGF121 does not bind heparin, is highly
soluble, and therefore inefficient at forming well-defined gradients. In contrast,
heparin-binding and partially soluble VEGF165 readily forms gradients recognized
by sprouting tip cells (Gerhardt et al., 2003). As somewhat different composi-
tions of VEGF isoforms may be produced in different tumors, these properties may
impact the nature of their respective vascular networks (Yu et al., 2002b; Grunstein
et al., 2000).

In addition to the ligands encoded by the VEGF gene and described collectively
as VEGF-A, VEGF receptors are also stimulated by other VEGR-related pro-
teins. Thus, VEGF-A interacts mainly with VEGFR-1/Flt-1 and VEGFR-2/FIk-1.
The related molecules VEGF-B and placenta growth factor (PIGF) are ligands
for VEGFR-1, while VEGF-C and VEGF-D (lymphangiogenic factors) activate
mainly VEGFR-3 on lymphatic endothelial cells. VEGF-E interacts selectively with
VEGFR-2 (Carmeliet, 2005; Alitalo et al., 2005; Ferrara and Kerbel, 2005). It is also
worth mentioning that the proangiogenic actions of VEGF-A may be opposed by
the naturally produced, soluble ectodomain of VEGFR-1 (sFlt-1) (Shibuya, 2006;
Levine et al., 2004) or the recently described antiangiogenic VEGF165b isoform
(Woolard et al., 2004). In addition, numerous endogenous angiogenesis inhibitors,
such as thrombospondins 1 and 2 (TSP-1 and -2), angiostatin, endostatin, tumstatin,
castatin, arresten, interferons (IFNs), antiangiogenic antithrombin (aaAT), platelet
factor 4 (PF4), brain-derived inhibitors (GD-AIF and BAI1), pigment epithelium-
derived factor (PEDF), and several other entities, act at various stages of the
angiogenic cascade (mostly downstream of the VEGF/VEGFR pathway) to control
the activity and survival of endothelial cells (Folkman and Kalluri, 2003).

As mentioned earlier, VEGF-stimulated angiogenesis begins by the formation
of mother vessels (Pettersson et al., 2000), the induction of vascular permeability
(Dvorak, 2002; Paul et al., 2001), and triggering the production of two impor-
tant endothelial cell-derived ligands: angiopoietin 2 (Ang-2) and delta-like 4 (D114)
(Hanahan, 1997; Yancopoulos et al., 2000; Noguera-Troise et al., 2006; Noguera-
Troise et al., 2006). The former is now understood to antagonize the stabilizing
effects of Ang-1, which are mediated via the Tie-2 receptor expressed by endothe-
lial cells (Yancopoulos et al., 2000; Jones and Dumont, 2000; Hanahan, 1997). As
a result, pericytes separate from the endothelial tube and thereby enable endothe-
lial cell sprouting (Yancopoulos et al., 2000; Hanahan, 1997). During the latter
process, the ratio of tip cells to stalk cells (and ultimately the branching pattern)
is maintained by the interaction between DIl4, a membrane-bound ligand, and its
endothelial Notch receptor (Thurston et al., 2007).
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In the absence of VEGF, vascular density in tumors may decrease (at least in
some settings — see below), often below the functional threshold required for can-
cer cell viability (Grunstein et al., 1999; Grunstein et al., 2000; Kim et al., 1993;
Noguera-Troise et al., 2006). In contrast, inhibition of DIl4 leads to the forma-
tion of hyperdense, but nonproductive, vascular networks (i.e., more angiogenesis
is accompanied by less blood flow). Importantly, both of these diametrically dif-
ferent scenarios are associated with impaired tumor growth (Noguera-Troise et al.,
2006; Noguera-Troise et al., 2006; Thurston et al., 2007; Patel et al., 2005; Ferrara
and Kerbel, 2005). Similarly paradoxical could be the effects of Ang-1, which is
generally considered to be a proangiogenic factor. For instance, the expression of
Ang-1 in tumor cells stimulates the formation of more stable vessels, amidst miti-
gated tumor growth (Ahmad et al., 2001). Thus, the capacity of specific mediators to
produce more sprouts, or more vascular branches in various experimental settings,
may not accurately reflect their mode of action in vivo, their net impact on vascu-
lar growth, remodeling, or perfusion. Cancer cells constitute the important source
of signals that control the repertoire of tumor-associated vascular effectors. In the
remaining sections of this chapter, we will illustrate how Ras oncoproteins regu-
late these processes and their consequences (Rak and Kerbel, 2003; Kranenburg
et al., 2004).

RAS Oncogenes in Cancer Progression and Angiogenesis

Ras GTPases are central to how a cell responds to changes in the microenvironment
(Malumbres and Barbacid, 2003; Khosravi-Far et al., 1998; Rajalingam et al., 2007).
Discovered as retroviral oncogenes nearly 50 years ago, the corresponding ras genes
are mutated in approximately 20% of all human cancers (Malumbres and Barbacid,
2003; Rajalingam et al., 2007), but most frequently in pancreatic (59-90%), col-
orectal (20-50%), lung (20%), and hematopoietic (11%) malignancies (Rajalingam
et al., 2007; Malumbres and Barbacid, 2003; Hasegawa et al., 1995; Downward,
2003; Fearon and Vogelstein, 1990). Still, the activation of the RAS pathway is even
more widespread (Guha, 1998). In addition to the three major ras genes (H-ras, K-
ras, and N-ras) and four related proteins (HRAS, KRASA, KRASB, NRAS), the ras
superfamily also includes numerous related (RAS-like) entities, usually assigned to
distinct subfamilies, such as RAS, RHO, RAB, AREF, o, and several others (MRAS,
RRAS, ERAS) on the basis of a similar structure and the basic mode of activation
(Rajalingam et al., 2007). However, the cellular functions of these proteins are vastly
different (Rajalingam et al., 2007).

RAS proteins are recruited to the inner leaflet of the plasma membrane, mostly
as a result of the posttranslational prenylation of their C-termini, notably by protein
farnesyl transferases (PFT) and the related enzymes (Gibbs et al., 1994; Grimbacher
et al., 1998; Prendergast and Oliff, 2000). This facilitates their interactions with
receptor tyrosine kinases and participation in other events that may lead to RAS
activation (Rajalingam et al., 2007). The latter can also occur or persist in other
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than plasma membrane cellular compartments, such as endoplasmic reticulum and
Golgi (Cox, 2003; Di Guglielmo et al., 1994; Rajalingam et al., 2007). Activation
of RAS consists of binding to the GTP and is catalyzed by guanosine exchange
factors (GEFs), e.g., SOS, RAS-GRF, or RAS-GRP (Rajalingam et al., 2007).
Conversely, inactivation of RAS entails replacement of GTP with GDP, which is
mediated mainly by factors with RAS-GTPase activity (e.g., p120GAP, neurofi-
bromin, GAP1IP4BP, GAP1m) (Rajalingam et al., 2007). Mutations in codons 12,
13, or 61, as it occurs in cancer cells, render RAS proteins resistant to these lat-
ter influences and thereby constitutively active (Malumbres and Barbacid, 2003;
Khosravi-Far et al., 1998; Rajalingam et al., 2007). KRAS is the most commonly
mutated isoform in human cancer and one that is essential for survival during murine
embryogenesis (Rajalingam et al., 2007). However, all RAS isoforms possess potent
transforming capacities in experimental assays (Rajalingam et al., 2007).

In the activated GTP-bound state, RAS assumes the conformation, which exposes
the switch regions I and II to interactions with proteins that contain ras-binding
domains (RBDs) and thereby can act as RAS effectors, whereby they effectively
transmit the related cellular signals (Rajalingam et al., 2007). The growing number
of such molecules currently includes RAF, p110/catalytic subunit of PI3K, PKCt,
PLCe, GAP, RalGDS, RIN1, TIAM1, AF6, and Norel (Rajalingam et al., 2007) and
signifies the diversity of intracellular signals that branch out of the activated RAS
‘node’ of this network (Khosravi-Far et al., 1998).

The aforementioned RAS effectors interact with several downstream signaling
cascades that are crucial for various aspects of cellular function and participate in
malignant transformation (Downward, 2003). The best characterized of those are
the RAF/MEK/MAPK and the PI3K/Akt modules that control several major aspects
of the cancer cell phenotype, such as growth factor-independent mitogenesis, sur-
vival, and angiogenesis (Hanahan and Weinberg, 2000). However, the impact of
mutant ras on the signaling circuitry is much wider and involves changes in cell
shape and motility (via RHO, Rac, Cdc42) (Bar-Sagi and Hall, 2000), resistance to
anoikis (via PI3K) (Downward, 2003; Rosen et al., 2000), hypoxia response path-
ways (HIF1) (Berra et al., 2000; Feldkamp et al., 1999; Sodhi et al., 2001), oxidative
and prostaglandin pathways (Khosravi-Far et al., 1998; Sheng et al., 1998c¢), regula-
tion of gene transcription (SP1, AP1, NF(B) (Zuber et al., 2000; Irani et al., 1997),
RNA stability (White et al., 1997), protein translation (eIF4E) (Kevil et al., 1996),
and very likely also changes in the regulatory microRNA species, similarly to other
oncoproteins that may lie downstream of RAS (Dews et al., 2006).

The consequences of these events depend on the cellular context, the expression
and compartmentalization of the respective molecules, temporal characteristics of
RAS activation (e.g., chronic versus intermittent), and interactions with other sig-
naling pathways (Rajalingam et al., 2007). For instance, expression of the mutant
ras transgenes in mice leads to the formation of hyperplastic or cancerous out-
growths (Tuveson et al., 2004; Guerra et al., 2003; Ding et al., 2001). However,
overexpression of ras in cultured primary cells precipitates cell senescence and
death, while similar exposure of immortalized, but nontumorigenic (quail-normal)
cell lines results in a robust cellular transformation. This is due to the influence
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of the presence or the absence of tumor suppressors (e.g., p5S3 and p16) on RAS-
mediated signaling (Serrano et al., 1995, 1997; McCormick, 2003; Weinberg, 1996).
The latter process entails a profound change in the cellular gene expression patterns
(Agudo-Ibanez et al., 2007; Zuber et al., 2000), including deregulation of genes that
control the capacity of cell to interact with the vascular system.

RAS-Dependent Multicellular Angiogenic Phenotype

In 1995 we reported that the expression of mutant H-ras in immortalized, but
nontumorigenic intestinal epithelial cells, IEC-18, leads to their acquisition of the
overtly tumorigenic and angiogenic capacity, along with the exuberant production
of VEGF-A (Rak et al., 1995). In addition, removal of a single, naturally occur-
ring mutant K-ras allele from two human colorectal cancer cell lines (HCT116 and
DLD1) resulted not only in the reversal of their cellular transformation and tumori-
genic phenotype (Shirasawa et al., 1993), but also in their reduced production of
VEGF (Rak et al., 1995), and their ability to stimulate angiogenesis in vivo (Okada
et al., 1998). These findings reveal only a small fragment of what could be referred
to a RAS-dependent angiome, which involves a number of gene products with a
direct or an indirect ability to impact tumor—vascular interface (Rak et al., 2006)
(Fig. 7.2; Table 7.1).

In general terms, RAS-dependent transformation shifts the expression of
angiogenesis-related genes toward a more stimulatory profile (Rak et al., 2000a).
This involves upregulation of mediators that directly promote endothelial sprouting,
survival and angiogenic expansion (e.g., VEGF, FGF, IL-8; Gro-1) (Rak et al., 1995;
Iberg et al., 1989; Sparmann and Bar-Sagi, 2004; Yang et al., 2006), reduction in lev-
els of angiogenic inhibitors (TSP-1, PEDF) (Zabrenetzky et al., 1994; Watnick et al.,
2003; Rak et al., 2000a; Viloria-Petit et al., 2003), and changes in factors involved
in vascular remodeling (e.g., Ang-1) (Viloria-Petit et al., 2003; Larcher et al., 2003).

Although cells expressing mutant ras are often constitutively and robustly proan-
giogenic, as detected by the ability of their conditioned media (CM) to stimulate
endothelial cells, it is unlikely that in natural settings this phenotype is sufficient to
act as a cell-autonomous trigger of the angiogenic switch (Rak et al., 2000b). This
is for a number of reasons. First, regardless of the degree of the preceding genetic
instability, oncogenic ras mutations would be expected to occur relatively rarely,
a circumstance that would lead to the emergence of individual mutant cells in the
midst of the overwhelming majority of their counterparts expressing wild-type ras,
along with normal host cells (Kalas et al., 2005b). The latter cells could be expected
to be non- or even antiangiogenic, as they would produce little or no VEGF. The
presence of such cells may ‘dilute’ the impact of this factor produced by the cel-
lular minority expressing mutant ras. Second, in the absence of ras mutations, the
cellular majority would produce considerable levels of TSP-1 and other inhibitors,
the compound effect of which would likely eclipse TSP-1 downregulation in ras-
expressing single cells. In other words, it is difficult to foresee a mechanism by
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Angiogenic and vascular consequences of
ras transformation

VEGF, FGF, IL-8, Gro1
TSP-1

ANGIOGENIC

, .
ONCOGENE EXPRESSING AT ° ENDOTHELIUM

CANCERCELLS

CELLS

TF/NVIlla, Platelets, Thrombinh, Plasminh

INFLAMMAT ORY E
CELL 3
©
(=)
zS (@)

LOCAL
COAGULATION ~
FIBRINOLYSIS ~,

SYSTEMIC

Fig. 7.2 Angiogenic and vascular consequences of ras transformation. The expression of mutant
ras or the activation of the RAS pathway in cancer cells triggers several processes that impact
tumor angiogenesis in a direct or an indirect manner (see text). These events include production of
angiogenic growth factors (VEGF), microvesicles (MVs), factors stimulating stromal cells (FGF),
proinflammatory cytokines (IL-6) or chemokines (IL-8), and activation of the coagulation system,
all of which can potentially impact tumor neovascularization

which the angiogenic switch in a single ras-mutated cell would, in itself, produce
the impact required for reaching the proangiogenic threshold (Rak et al., 2000b;
Kalas et al., 2005b).

For these reasons it was proposed that the angiogenic switching should, perhaps,
be viewed as a multicellular event, where a number of cells would need to participate
in mounting the stimulatory signal (a proangiogenic unit). This could be accom-
plished by a selective amplification and survival of ras-expressing cells to such a
degree as to achieve their sheer number sufficient to produce angiogenic activity
able to impact the vasculature (Rak et al., 1999). Alternatively, small numbers of
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Table 7.1 Vascular mediators regulated by oncogenic ras

Mediator Function References
VEGF Stimulator of angiogenesis, Rak et al., 1995; Grugel et al., 1995
vasculogenesis, and vascular
permeability
FGF Stimulator of angiogenesis Iberg et al., 1989
TGF-a Stimulator of angiogenesis Filmus et al., 1993
1L-8 Stimulator of angiogenesis and Sparmann and Bar-Sagi, 2004
inflammation
IL-6 Proinflammatory cytokine involved  Ancrile et al., 2007
in tumor angiogenesis
Gro-1 Proangiogenic chemokine Yang et al., 2006
uPA Proangiogenic protease Testa et al., 1989
MMP-2 Proangiogenic protease Kranenburg et al., 2004; Gum et al., 1996;
Meade-Tollin et al., 1998
MMP-9 Proangiogenic protease Kranenburg et al., 2004; Gum et al., 1996;
Meade-Tollin et al., 1998
COX-2 Procoagulant and proangiogenic via Sheng et al., 1998; Subbaramaiah et al.,
prostaglandin synthesis 1996
TSP-1 Antiangiogenic Volpert et al., 1997; Zabrenetzky et al.,
1994; Rak et al., 2000a; Watnick et al.,
2003
PEDF Antiangiogenic Dawson et al., 1999; Viloria-Petit et al.,
2003
Ang-1 Angiogenesis modulator involved in  Viloria-Petit et al., 2003; Larcher et al.,
endothelial cell survival and 2003
vascular stabilization
PIGF Pathological angiogenesis Larcher et al., 2003
SDF-1 Proangiogenic factor involved in the Moskovits et al., 2006
recruitment of bone marrow cells
TF Procoagulant, signaling, and Yu et al., 2005

proangiogenic receptor for clotting
factor VII

ras-expressing cells could change the angiogenic properties or their cellular sur-
roundings. Indeed, such a property was recently uncovered and found to depend on
the ras-regulated release of small molecular mediators that are able to trigger down-
regulation of TSP-1 in adjacent normal fibroblasts (Kalas et al., 2005b). Notably,
stromal fibroblasts are frequently activated in the presence of tumor cells and this
leads to production of angiogenic factors (Hlatky et al., 1994; Dong et al., 2004,
Viloria-Petit et al., 2003), or decrease in the production of angiogenic inhibitors
(Mettouchi et al., 1994). Another plausible mechanism of multicellular proangio-
genic conversion is via intercellular exchange of microvesicles, microparticles, or
exosomes. In this regard, cancer cells harboring mutant oncogenes were found to
exhibit increased vesiculation and to emit exosomes carrying active mediators of
angiogenesis (Gesierich et al., 2006; Baj-Krzyworzeka et al., 2006; Yu et al., 2005),
as well as oncoproteins (Al-Nedawi et al., 2008). Uptake of this material by adjacent
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cells can reprogram their gene expression profiles, rendering them more proangio-
genic (Al-Nedawi et al., 2008). These observations suggest that oncogenic ras may
exert pleiotropic effects, not only on cells that contain the respective mutation but
also on their wider surroundings, a process that may likely produce a coordinated
proangiogenic, multicellular change (angiogenic field effect) (Kalas et al., 2005b;
Rak et al., 2000b).

In addition to the aforementioned changes in direct-acting angiogenic effectors,
RAS-transformed cells also acquire the ability to mobilize the proangiogenic poten-
tial of the coagulation and inflammatory systems (Rak et al., 2006; Yu et al., 2005;
Ancrile et al., 2008; Sparmann and Bar-Sagi, 2004). For instance, recent stud-
ies suggested that activated oncogenes in general (Shchors et al., 2006; Coussens
et al., 1999) and RAS in particular play direct roles in the recruitment of inflam-
matory cells to the tumor site and thereby induce inflammatory neoangiogenesis
(Sparmann and Bar-Sagi, 2004; Ancrile et al., 2007). In this regard, Sparmann
and Bar-Sagi first documented a ras-dependent upregulation of interleukin-8 (IL-8)
by cancer cells, an effect that led not only to direct stimulation of angiogenesis
but also to recruitment of inflammatory cells into the tumor (Sparmann and Bar-
Sagi, 2004). In another study, ras-driven production of IL-6 was shown to trigger
the inflammatory infiltration and the accompanying angiogenesis, both of which
were essential for the aggressive tumor growth (Ancrile et al., 2007). As tumor
cells in this case did not express IL-6 receptors, this effect was strictly paracrine
in nature (Ancrile et al., 2007). As mentioned earlier, several populations of bone
marrow-derived cells participate in the angiogenic process, including inflammatory
macrophages, granulocytes, mast cells, hematopoietic cells, and endothelial-like
progenitors, the recruitment and retention of which is driven by a network of growth
factors, cytokines, and chemokines generated within the tumor microenvironment,
including VEGF, Bv8, SDF-1, IL-8, IL-6, and probably many others (Asahara et al.,
1997; Bertolini et al., 2006; Shaked et al., 2006; Shojaei et al., 2008) (Table 7.1).

Systemic Vascular Consequences of the Oncogenic
Transformation

In addition to the relatively well-studied local control of angiogenesis, oncogenic
transformation may also impact vascular homeostasis at the wider and more sys-
temic level. This is implicit in the context of the aforementioned and still poorly
understood processes whereby bone marrow-derived progenitor, accessory, and reg-
ulatory cells are recruited to the sites of neovascularization. These processes are
thought to be driven by the release of several soluble mediators (Bv8, SDF1, PIGF,
or VEGF) into the circulation (Shojaei et al., 2008; Asahara et al., 1999; Grunewald
et al., 2006; Li et al., 2006). Interestingly, the expression of at least some of these
entities (VEGF, SDF-1) is controlled by oncogenic pathways, including RAS (Rak
et al., 2000b; Moskovits et al., 2006).

Exuberant expression of VEGF, but also the presence of inflammatory cytokines,
is implicated in tumor-related hepatotoxicity, paraneoplastic syndrome, and
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cachexia (Wong et al., 2001; Ravasco et al., 2007). Indeed, the combined effects
of the expanding tumor burden, the activation of RAS, and severe hypoxia could
potentially explain the high systemic levels of VEGF and other cytokines in col-
orectal cancer patients and the related morbidity (Ravasco et al., 2007). The nature
of these events remains unclear, but it is possible that stimulation of endothelial cell
mitogenesis, vascular permeability and organ damage in distant organ sites (Wong
etal., 2001), as well as prothrombotic effects of certain RAS targets, could be a part
of the related pathomechanism (Rak et al., 2006; Yu et al., 2005; Contrino et al.,
1996; Mechtcheriakova et al., 2001).

Coagulation system and the ECM are also rich sources of systemically act-
ing regulators of angiogenesis (Folkman and Kalluri, 2003). This includes the
well-studied angiogenesis inhibitors such as platelet factor 4 (PF4), antithrombin
fragment (aaAT), and angiostatin (O’Reilly et al., 1994; Bouck et al., 1996; Folkman
and Kalluri, 2003), all derivatives of hemostatic proteins (Browder et al., 2000).
Moreover, endostatin, tumstatin, arresten, and several other proteins and peptides
(O’Reilly et al., 1997; Folkman and Kalluri, 2003; Kalluri, 2003) are produced by
proteolytic cleavage of tumor-associated ECM components (e.g., collagens XVIII
and IV) (Kalluri, 2003). As this occurs in a tumor cell-regulated manner (O’Reilly
et al., 1994; Gimbrone et al., 1972; Folkman and Kalluri, 2003), it is possible that
the synthesis, the posttranslational modification, and/or the proteolytic generation
of these entities could be influenced by oncogenic events.

Indeed, the loss of p53 expression in several types of cancer cells was recently
shown to downregulate the levels of collagen prolyl hydroxylase («IIPH), which is
required for the formation of mature fibers of collagens 4 and 18 (Teodoro et al.,
2007; Teodoro et al., 2006). Hence, the loss of p53 denies the substrate to pro-
teolytic enzymes that generate antiangiogenic fragments of these molecules (e.g.,
tumstatin and endostatin), relieves systemic angiogenesis inhibition, and potentially
promotes tumor growth and dissemination (Teodoro et al., 2006). Interestingly,
enzymes that participate in the production of the circulating, antiangiogenic ECM
fragments include matrix metalloproteinase 2 (MMP-2), which is itself a target of
pS53 (Teodoro et al., 2006), as well as RAS (Kim et al., 2007; Gum et al., 1996;
Kranenburg et al., 2004). RAS regulates several proteolytic activities, including
MMP-2, MMP-9, and urokinase plasminogen activator (uPA) (Testa et al., 1989;
Kranenburg et al., 2004), which possess well-documented angiogenesis-regulating
activities (Bergers et al., 2000; Pepper, 2001). Taken together, these observations
suggest that oncogenic ras mutations can change the state of the angiogenic network
not only locally but also systemically.

RAS, Coagulopathy, and Tumor Angiogenesis

It has recently come to light that oncogenic transformation may profoundly influ-
ence the local and systemic activation of the coagulation system in cancer patients.
The latter condition was recognized over 140 years ago (Trousseau, 1865), is found
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in up to 90% cases of metastatic malignancy, and is commonly referred to as cancer
coagulopathy or Trousseau’s syndrome (Rak et al., 2006; Varki, 2007). While can-
cer coagulopathy was originally viewed as an ‘unspecific’ consequence of vascular
invasion, blood vessel leakiness, flow stasis, inflammation, and iatrogenic manip-
ulations related to anticancer therapy (Rickles, 2006; Levine et al., 1988), it is
increasingly clear that it also involves changes linked to oncogenic transformation
(Rak et al., 20006).

This possibility is illustrated by the consequences of the exuberant production
of VEGEF in ras-driven malignancies, namely by an increase in vascular permeabil-
ity. This condition promotes abnormal contacts between coagulation proenzymes
of blood plasma (factors VII, X, and prothrombin) and their activators present
in the extravascular tumor microenvironment (Dvorak and Rickles, 2006). Tissue
factor (TF) is amongst the most important mediators in this regard, especially
since this molecule is ubiquitously expressed in human and experimental tumors
(Contrino et al., 1996), where it acts as cell-associated (transmembrane) recep-
tor for the coagulation factor VII (FVII) (Mackman, 2008). As a result of this
interaction, FVII becomes activated to FVIIa and, in turn, activates factor X (FX)
to FXa (Mackman, 2008). Generation of FXa activity triggers conversion of pro-
thrombin to thrombin (FIla), which catalyses the formation of the fibrin clot and
the activation of platelets along with triggering promitotic, migratory, and proan-
giogenic cellular effects (Nierodzik and Karpatkin, 2006). The latter are mediated
by G protein-coupled, protease-activated receptors (PARs) with which coagula-
tion factors interact, especially PAR-1 (Xa, Ila) and PAR-2 (TF/VIla complex)
(Mackman, 2008). TF may also signal more directly through its short cytoplasmic
tail (Morrissey, 2004; Mackman, 2008; Coughlin, 2005).

Thus, VEGF-mediated vascular permeability and constant vascular remodeling
promote activation of the coagulation system in cancer and precipitate the related
cellular and clotting effects. One consequence of this protracted process is the devel-
opment of the systemic hypercoagulable state in cancer patients, a source of a
considerable morbidity (thrombosis) and a contributing factor in disease progres-
sion, metastasis, and patient mortality (Dvorak and Rickles, 2006; Rickles, 2006;
Dvorak and Rickles, 2006; Buller et al., 2007).

Some of the causes of cancer coagulopathy could be viewed as especially cancer-
specific. For instance, TF expression/activity is elevated up to 1000-fold in cancer
cells relative to their normal counterparts (Ruf, 2007; Rickles, 2006) and some-
times higher in cells that are more metastatic (Mueller et al., 1992) or express
stem cell markers (CD133) (Milsom et al., 2007a). Moreover, in colorectal can-
cer cells, TF expression is directly linked to the status of mutant K-ras and is
further increased upon disruption of p53 (Yu et al., 2005). Similarly, oncogenic
EGFR, HER-2, PML-RARq, and loss of PTEN precipitate increases in TF expres-
sion and activity, especially when combined with microenvironmental stresses, such
as hypoxia and cellular compaction (Yu et al., 2004; Rong et al., 2005; Milsom et al.,
2007b; Milsom.C and Rak, 2005). Cancer cells expressing some of these oncogenic
changes not only produce TF locally but also shed TF-containing (procoagulant)
microvesicles into the systemic circulation (Yu and Rak, 2004; Yu et al., 2005).
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This may signify the oncogene-driven nature of the hypercoagulable state that is
often associated with malignancy. Indeed, in one study the expression of onco-
genic c-Met in mice led to a fulminant thrombohemorrhagic syndrome mediated
in this case not by TF but by the oncogene-dependent upregulation of cyclooxy-
genase 2 (COX-2) and plasminogen activator inhibitor 1 (PAI-1) (Boccaccio et al.,
2005). Spectacular procoagulant events in these mice were driven by the activa-
tion of the prostaglandin synthesis and the inhibition of clot resolution (fibrinolysis)
(Boccaccio et al., 2005). As mentioned earlier, oncogene-dependent procoagulant
changes can potentially facilitate metastasis (Palumbo et al., 2007), impact primary
tumor growth and angiogenesis (Yu et al., 2005), and alter vascular morphology
(Milsom et al., 2007b). These properties point to the involvement of the coagulation
system in the formation of the tumor—vascular interface and to the potential utility of
anticoagulants in the treatment of oncogene (ras)-driven cancers (Rak et al., 2006).

Mechanisms of RAS-Dependent Regulation
of Vascular Effectors

The large number of molecular regulators affected by the expression of mutant ras
(Table 7.1) or by the activation of the RAS pathway makes the comprehensive anal-
ysis of the related regulatory cascades extremely challenging. Because some of the
key processes in this regard have recently been reviewed, we would like to limit our
comments to only those paradigmatic events that can best illustrate the related com-
plexities and point to questions that might be answerable versus those that may be
too complex or context dependent to be generalized. In this regard, the regulation of
VEGEF expression by mutant ras has attracted much experimental attention, largely
due to the prevalence and the perceived critical role of this factor in a large number
of human malignancies (Rak and Kerbel, 2003).

The impact of RAS on VEGF regulation was reported to occur at a number
of levels, including gene transcription, mRNA stability, and protein translation
(Kranenburg et al., 2004; Rak and Kerbel, 2003). The related transcriptional mech-
anisms that have been implicated include several regulatory sites (SP1, AP1, and
HIF) identified within the VEGF gene promoter (Grugel et al., 1995; Sodhi et al.,
2001; Gille et al., 1997; Tischer et al., 1991) and often controlled downstream of
the two main RAS effector pathways: Raf/MEK/MAPK and PI3K/Akt (Sodhi et al.,
2001; Rak et al., 2000a; Grugel et al., 1995; Berra et al., 2000; Milanini et al., 1998).

Of special interest in this regard is the role of the hypoxia-inducible factor alpha
(HIF-a), which represents one of the key regulators of VEGF expression under phys-
iological conditions. Normally, HIF-a is constitutively synthesized and degraded
by the von Hippel-Lindau (VHL) protein-directed ubiquitination pathway, which
is controlled by the oxygen-sensitive system of prolyl and aspargyl hydroxylases
(Semenza, 2003; Harris, 2002; Pugh and Ratcliffe, 2003). Under anoxic conditions,
prolyl hydroxylases fail to mark HIF-a for degradation, leading to the accumu-
lation of HIF-a in the cell and increase in the expression of HIF-a-responsive
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genes (Semenza, 2003; Harris, 2002). During this process, HIF-a translocates to the
nucleus, dimerizes with its partner HIF-B/ARNT, and acts on the hypoxia-responsive
elements (HREs) of the VEGF promoter (and other genes), leading to an increase in
the production and angiogenic activity of the respective protein product (Semenza,
2003; Harris, 2002). RAS transformation can trigger or synergize with this HIF-
a activity. For instance, while RAS-expressing cells produce elevated amounts of
VEGF (Rak et al., 1995), this production can be further increased under hypoxic
conditions due to the synergistic impact of both stimuli on PI3K-dependent signal-
ing (Mazure et al., 1996, 1997). Another mechanism of this cross talk is exemplified
by the phosphorylation of HIF-a by the activated MAPK module downstream of
activated RAS (Berra et al., 2000).

Several additional mechanisms of RAS-dependent VEGF regulation have also
been identified (Fig. 7.3). For instance, RAS could influence VEGF mRNA sta-
bility through Rac/JNK pathway (White et al., 1997; Kranenburg et al., 2004) or
enhance VEGF translation by activating cap protein elF-4E (Kevil et al., 1996;
Polunovsky et al., 2000). RAS can cooperate with other oncoproteins (e.g., c-Myc,
SRC), which are implicated in VEGF regulation. In addition, VEGF and other
angiogenesis effectors could be influenced by some of the less studied pathways
that can be activated downstream of RAS, including generation of reactive oxygen
species (ROI), activation of NF-kB, lipooxygenase, cyclooxygenase, prostaglandins
and their receptors, phospholipids, autocrine cytokine and growth factor pathways,
and microRNA (Irani et al., 1997; Jiang et al., 1997; Sheng et al., 1998; Timoshenko
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et al., 2007; Kalas et al., 2005b; Dlugosz et al., 1997; Chen et al., 1997; Ancrile
et al., 2007; Dews et al., 20006).

While activation of the aforementioned pathways could clearly be a part of
the signaling circuitry that drives VEGF expression downstream of mutant ras,
several influences may alter and modulate these events (Fig. 7.3). For instance,
ras-dependent transformation in general (Serrano et al., 1997) and VEGF expres-
sion in particular are influenced by the status of tumor suppressor genes, e.g., p53,
p130, and pl6 (Teodoro et al., 2006; Harada et al., 1999; Claudio et al., 2001).
Activation of the RAS pathway facilitates VEGF upregulation due to extracellu-
lar cues such as hypoxia (Mazure et al., 1996) and cell-cell contact (Rak et al.,
2000a). Moreover, activated RAS pathway may set in motion a number of indirect
autocrine and paracrine influences, e.g., by triggering the expression of TF, PAR-1
receptor, and the related sensitization of cells to signals generated by the coagu-
lation proteases, which results in the deregulation of VEGF and angiogenesis (Yu
et al., 2005; Abe et al., 1999; Cohen et al., 1996; Ancrile et al., 2007). Similarly,
RAS-dependent upregulation of TGF-a, IL-6, and IL-1 may trigger autocrine sig-
nals in cancer cells expressing the respective receptors (Lu et al., 1992; Dlugosz
et al., 1997) and lead to further VEGF upregulation (Cohen et al., 1996; Rak et al.,
1996; Gille et al., 1997). It is noteworthy that the capacity of specific cell types
to mobilize these complex direct and indirect responses depends on a number of
associated circumstances in addition to the presence or the absence of the activated
RAS. For instance, we observed that the enforced expression of comparable levels
of oncogenic H-ras in fibroblasts and intestinal epithelial cells led in both cases to
a marked VEGF upregulation, but via completely different signaling pathways, i.e.,
MEK/MAPK and PI3K/Akt, respectively (Rak et al., 2000a,b). Thus, while sev-
eral studies successfully mapped the signaling cascades operative downstream of
various oncogenes and responsible for deregulation of specific vascular regulators
(Kranenburg et al., 2004; Berra et al., 2000; Watnick et al., 2003), a more complete
understanding of these events in vivo remains to be a formidable challenge.

Redundancy of RAS-Regulated Angiogenic Pathways

Several studies, including our own (Okada et al., 1998; Viloria-Petit et al., 2003;
Yu et al., 2005), attempted to establish the relative roles of various RAS-regulated
vascular effectors in tumor angiogenesis (Inoue et al., 2002; Casanovas et al., 2005;
Shi and Ferrara, 1999; Detmar, 1996; Watnick et al., 2003). This was motivated, at
least in part, by hopes of finding ways to obliterate oncogene-driven tumor growth
though disruption of angiogenesis, the regulatory apparatus of which was felt to
be more accessible to therapeutic intervention than the mutant ras itself (Rak and
Kerbel, 2003). Notable in this regard were the efforts to establish the requirement
for VEGF during RAS-driven tumor angiogenesis (Rak et al., 1995, 2000; Watnick
et al., 2003; Chin et al., 1999; Grunstein et al., 1999, 2000; Shi and Ferrara, 1999;
Okada et al., 1998; Viloria-Petit et al., 2003; Inoue et al., 2002; Casanovas et al.,
2005; Kim et al., 1993).
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It was originally felt that the indispensable role of VEGF (VEGF-A) and VEGF
receptors during development of the vascular system, vasculogenesis, and angio-
genesis in mice (Carmeliet et al., 1996; Ferrara et al., 1996; Fong et al., 1995;
Shalaby et al., 1995; Shibuya, 2006) would likely mandate a similar role of this
pathway during tumor-related neovascularization (Rak et al., 1995). Indeed, initial
studies suggested that pharmacological blockade of the VEGF activity in experi-
mental tumor models (Kim et al., 1993; Warren et al., 1995), genetic inactivation
of VEGEF receptors (Millauer et al., 1994, 1996), or disruption of the VEGF gene in
cancer cells (Inoue et al., 2002; Shi and Ferrara, 1999; Grunstein et al., 1999, 2000)
may result in the inhibition of tumor growth and blood vessel formation.

However, our concurrent studies with VEGF—/- tumorigenic but ‘oncogene-less’
embryonic stem (ES) cell-derived teratomas and their related, isogenic VEGF—/—
fibrosarcomas harboring mutant ras or neu oncogenes led to a fundamentally dif-
ferent conclusion (Viloria-Petit et al., 2003). Thus, deletion of the VEGF gene
and/or antibody-mediated inhibition of the VEGFR-2 in vivo produced a com-
plete growth arrest only in the former (ES stem cell-driven) but not in the latter
(ras-driven) tumors (Viloria-Petit et al., 2003). Interestingly, both ras- and neu-
dependent and VEGF-deficient fibrosarcomas were highly vascular and almost as
aggressive as their counterparts producing elevated amounts of VEGF. This was
ascribed to several alternative proangiogenic mechanisms that these cells were able
to mobilize due to the pleiotropic nature of the oncogenic transformation. These
changes included downregulation of several angiogenesis inhibitors (TSP-1, PEDF)
and release of factors impacting the angiogenic properties of tumor stroma (Viloria-
Petit et al., 2003; Kalas et al., 2005b). The latter effect resulted in the production
of VEGF by tumor-associated host stromal cells (Viloria-Petit et al., 2003) in vivo
and in the suppression of TSP-1 synthesis by fibroblasts exposed to small molecule
mediators released by ras-expressing fibrosarcoma cells (Kalas et al., 2005a,b).
Indeed, subsequent analyses revealed that the disruption of VEGF release or ther-
apeutic blockade of VEGF receptors can be circumvented by tumors through the
onset of endogenous expression of alternative angiogenic factors (e.g., FGF) or by
the involvement of tumor stroma in angiogenesis stimulation (Dong et al., 2004;
Casanovas et al., 2005).

The existence of such redundancy was in agreement with the prior predictions
based on the analysis of changes in the angiogenic profile of human breast cancers
over the course of their natural history (Relf et al., 1997). This is also consistent
with the emerging clinical experience with agents blocking VEGF/VEGFR-2-driven
angiogenesis, especially with Avastin/bevacizumab and kinase inhibitors (Hurwitz
et al., 2005; Ince et al., 2005; Ferrara, 2005; Kerbel and Folkman, 2002). Overall,
these studies suggest that in patients with advanced and metastatic cancers, VEGF
inhibitors (Avastin) may often exhibit clinically encouraging but hardly curative
effects (Hurwitz et al., 2003), greater in some contexts than in others (Jubb et al.,
2006). Thus, the appropriate stratification, disease- and case-specific approaches,
and multipronged antiangiogenic protocols may be required to achieve the opti-
mal effects in patient populations where the disease may involve high degree of
oncogenic transformation and redundant changes in cellular/tissue angiome.
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RAS and the Responses of Cancer Cells to Vascular Proximity

Diffusion of essential metabolites, growth factors, and oxygen between blood
and tumor parenchyma can occur only at relatively short distances. Over time
this may lead to selection within the cancer cell population of two fundamen-
tally different sets of biological properties, namely the ability to trigger the
increasingly robust angiogenic response and/or to survive under conditions of
declining tumor perfusion (Rak and Kerbel, 1996; Rak et al., 1996). Oncogenic
events, including ras, play causative roles in both of these processes (Rak and
Yu, 2004).

In colorectal adenoma, oncogenic ras mutations occur with greater frequency in
the context of a polypoid, three-dimensional tumor growth pattern relative to tumors
that grow superficially (Hasegawa et al., 1995; Yamagata et al., 1995; Minamoto
et al., 1994), i.e., in proximity to the intestinal vasculature (Rak et al., 2000b).
In these disease settings, ras mutations predominate at the stage of intermediate
adenoma when the lesions assume a more three-dimensional configuration (Fearon
and Vogelstein, 1990), and when the angiogenic switch is found to occur in vivo
(Staton et al., 2007), coupled with an increased production of VEGF (Rak et al.,
1995). While this may be interpreted simply as a reflection of the impact mutant
ras has on the angiogenic phenotype, the related cellular transformation also has
other effects.

Mutant ras profoundly alters several intrinsic cellular properties, such as growth
factor dependence, survival, and metabolic requirements (Dong et al., 2004;
Malumbres and Barbacid, 2003; Downward, 2003; Dang and Semenza, 1999). In
experiments involving mixed tumors containing both high and low RAS-expressing
cell subsets, the former, but not the latter cells, were able to survive in hypoxic
regions, distant from the perfused capillary networks (Rak et al., 1996). Moreover,
the expression of mutant ras was found to be essential for sustained tumor growth
(tumor maintenance) in several experimental settings (Shirasawa et al., 1993; Chin
et al., 1999), while VEGF expression alone was not (Chin et al., 1999). Conversely,
injection of human colorectal cancer cells (Hkh-2), in which mutant K-ras was
genetically disrupted (Shirasawa et al., 1993), into immunodeficient mice led to
a prolonged tumor latency (Yu et al., 2005). However, when the tumors eventu-
ally emerged, they contained de novo mutations within the previously intact K-ras
allele and expressed RAS-regulated genes (Yu et al., 2005). Similarly, when cancer
cells were exposed to hypoxia and glucose deprivation in vitro or to antiangio-
genic therapy in vivo, K-ras mutations occurred spontaneously and with increased
frequency (Yu et al., 2005; Shahrzad et al., 2005, 2008). Collectively, these obser-
vations suggest that activation of the oncogenic RAS in cancer cells not only
provokes the aforementioned proangiogenic switching, but also changes the rela-
tionship between cancer cells and tumor-associated perfused vasculature. As in
the case of other genetic alterations (Yu et al., 2002a), mutant ras appears to
control metabolic and survival pathways and thereby may confer the increased
capacity to withstand ischemic conditions on certain types of cancer cells (Rak
and Yu, 2004).
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Conclusions

Oncogenic ras plays a significant role in conditioning host tissues to accommodate
malignant growth. RAS proteins not only drive cell-autonomous processes of mito-
genesis and survival but also profoundly impact the tumor vascular interface and
related events involved in disease progression.

Of interest in this regard is the potential linkage between ras mutations and the
relative ability of cancer cell subsets to initiate growth or repopulate the tumor mass,
i.e., act as tumor-initiating cells (TICs) or cancer stem cells (CSCs) (Reya et al.,
2001). It is intriguing that experimental expression of mutant ras in various types
of cells greatly enhances their clonogenic and tumor-initiating (stem cell) potential
(Shih and Weinberg, 1982; Filmus et al., 1993; Rak et al., 1995) and affects the
expression of genes that are often viewed as stem cell markers, e.g., CD44 (Jamal
etal., 1994).

It is noteworthy that in order to initiate tumor growth or metastasis, TICs
must rely on a permissive extracellular microenvironment, which is therefore often
referred to as a tumor stem cell niche (Reya et al., 2001). Recent studies suggest that
vascular elements significantly contribute to this protective milieu (Kaplan et al.,
2005; Calabrese et al., 2007; Bao et al., 2006; Milsom et al., 2007a). This is consis-
tent with the observation that vascular defects, aging, and comorbidities modulate
tumor growth in the experimental (Pili et al., 1994; Klement et al., 2007) and clini-
cal (Balducci and Ershler, 2005) settings. Moreover, TICs are often localized in the
physical proximity of tumor blood vessels (Calabrese et al., 2007) or are found to
be particularly efficient in producing TF (Milsom et al., 2007a), VEGF, or vascular
growth (Bao et al., 2006). It is unclear to what extent RAS controls these properties
of TICs and whether it contributes to the formation of their niches.

The effects of the RAS activation are context dependent and differ not only in
various disease settings but also as a function of tumor microenvironment and cancer
cell heterogeneity (e.g., in TICs versus their progeny). While targeting RAS proteins
for therapeutic purposes has thus far been challenging, a better understanding of the
context in which oncogenic RAS is expressed and how it controls tumor—vascular
interface may unveil some hitherto unappreciated opportunities.
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Chapter 8
Myc and Control of Tumor Neovascularization

Prema Sundaram, Chi V. Dang, and Andrei Thomas-Tikhonenko

Cast of Characters

The hallmark of Burkitt’s and some other non-Hodgkin lymphomas and leukemias
is the (8;14) translocation that subjects the c-myc proto-oncogene to the control of a
heavy chain gene enhancer (Dalla-Favera et al. 1982; Taub et al. 1982). Additionally,
double minute chromosomes (dmin) containing amplified copies of the c-Myc gene
are commonly detected in acute myeloid leukemia (AML) and myelodysplastic syn-
dromes (MDS) (Storlazzi et al. 2004). In parallel, rearrangements and amplifications
of the c-MYC locus are hallmarks of many solid neoplasms. For example, the LINE-
1 element insertion leads to MYC rearrangement in the case of breast carcinoma
(Morse et al. 1988) and up to 50% of breast carcinomas show a gain in copy num-
ber of the 8q24 band containing MYC (Ioannidis et al. 2003). Another Myc family
member, MYCN, is amplified in neuroblastoma cell lines (Kohl et al. 1983) and pri-
mary tumors, where it correlates with advance disease stage (Brodeur et al. 1984).
Yet, despite the wealth of data implicating Myc in the pathogenesis of cancer, its
exact contribution to neoplastic traits is not completely understood. Much recent
evidence points towards the involvement of Myc in cell-extrinsic processes, such as
angiogenesis.

Introduction

Several essential intracellular processes are closely controlled by the c-myc onco-
gene, which encodes a basic helix-loop-helix/leucine zipper transcription factor. To
accomplish its functions, c-Myc transcriptionally activates target genes by dimeriz-
ing with the Myc-associated protein X, or MAX, usually at the expense of another
MAX-interacting protein MAD (Grandori et al. 2000). Once bound to gene pro-
moters, the Myc—Max dimer further recruits a variety of transcriptional regulators
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including histone-modifying enzymes (McMahon et al. 1998). Myc can also act as
a transcriptional repressor (or de-activator), and this function is thought to involve
interactions with Mizl (Peukert et al. 1997), Spl (Gartel et al. 2001), and other
partners. Recently, a comprehensive set of c-Myc-regulated genes have been identi-
fied using high-throughput techniques (Coller et al. 2000; Dang et al. 2006; Zeller
et al. 2006). While the exact molecular mechanisms controlling gene regulation by
Myc are still being debated (Meyer and Penn 2008), it is clear that c-Myc has a
profound influence on the expression of a multitude of genes, which are involved
in parallel, complementary, conflicting, and sometimes frankly antagonistic path-
ways. The ensuing tug of war involves signals that, depending on the context, can
promote cell proliferation, de-differentiation, and apoptosis (Dang 1999; Meyer and
Penn 2008), which are frequent hallmarks of neoplastic transformation. According
to a recent study, at physiological, low-threshold levels, c-Myc stimulates primar-
ily proliferation, whereas at high levels it helps cells commit to apoptosis (Murphy
et al. 2008). The role of c-myc in maintaining cell stemness is also well recognized
(Laurenti et al. 2008); and more recently a non-transcriptional, direct replicative role
of c-Myc has been demonstrated (Dominguez-Sola et al. 2007).

In addition to these fundamental processes that directly control cell numbers,
Myc family proteins regulate target genes that are involved in cellular growth (i.e.,
increase in size) and metabolism (Coller et al. 2000; Neiman et al. 2001; Meyer and
Penn 2008). When deregulated, Myc swiftly boosts protein synthesis independently
of mitotic divisions, thereby directly increasing cellular mass. This can be observed
in human Burkitt’s lymphomas as well as in murine models of lymphomagenesis
(Iritani and Eisenman 1999; Johnston et al. 1999; Schuhmacher et al. 1999). c-Myc
has also been shown to directly activate rRNA synthesis and ribosome biogenesis in
Drosophila as well as in human cells (Grandori et al. 2005; Grewal et al. 2005).

Another important approach that deregulated Myc takes to promote tumor growth
is to compromise genome integrity and increase DNA amplification (Mai et al. 1996;
Felsher and Bishop 1999; Li and Dang 1999). In addition to inflicting genotoxic
stress, Myc directly activates some components of DNA damage response by pro-
moting stability of p53 tumor suppressor featured in preceding chapters (Eischen
et al. 1999). And just as p53 plays key roles in both cell-intrinsic and cell-extrinsic
processes, Myc has important non-cell-autonomous effects, such as stimulation of
angiogenesis.

Deregulated Myc, Tumor Neovascularization,
and the Angiogenic Balance

The first genetic evidence that Myc contributes to neovascularization came from
the laboratory of Gerard Evan and their papillomatosis model, wherein c-myc is
conditionally overexpressed in the skin epidermis (Pelengaris et al. 1999). In that
study, c-Myc was expressed from the involucrin promoter as a fusion with the
mutated form of estrogen receptor (MycER™) requiring for nuclear localization
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the presence of the activating ligand, 4-hydroxytamoxifen (4OHT). Turning on Myc
via topical application of 4OHT resulted in the thickening of the skin epidermis
due to the rapid proliferation of suprabasal keratinocytes and eventually — papil-
lomatosis. Furthermore, in vivo differentiation of post-mitotic keratinocytes was
suspended and apoptosis was attenuated. Interestingly, this pathology was accompa-
nied by a commensurate increase in new blood vasculature (Pelengaris et al. 1999).
Continuous expression of c-myc was required to maintain both papillomatosis and
the associated angiogenic phenotype. In fact, turning off c-myc by withdrawing
40HT resulted in overt regression of blood vessels, demonstrating the independent
role of c-myc in promoting neovascularization.

Another study of the angiogenic effects of Myc utilized Rat-1A fibroblasts which
had been transformed by a retrovirus encoding human c-Myc (Ngo et al. 2000).
When Rat-1A/Myc fibroblasts were injected into immunocompromised mice, they
developed large tumors with abundant vasculature. To demonstrate that the observed
angiogenesis was driven by Myc independently of tumor growth, corneal and
Matrigel neovascularization assays were performed in parallel. In the first assay,
conditioned media from myc-transformed and control fibroblast were introduced
into polyvinyl sponges, which were then surgically inserted into virtually avas-
cular rat corneas. Ten days after the implantation, endothelial cell proliferation
and abundant neovascularization were observed. In parallel, fibroblasts express-
ing MycER™ were incorporated into subcutaneous Matrigel plugs. Pronounced
neovascularization of Matrigels was apparent in animals systemically treated with
40HT but not in control mice.

A similar role for Myc as an inducer of vasculature formation has been success-
fully demonstrated in systems other than the mouse, namely in the chicken bursal
lymphomagenesis model (Brandvold et al. 2000). Two ways to induce lymphomage-
nesis were used in this study — one involving the avian leukosis retrovirus integrating
next to the c-myc proto-oncogene and another involving HB-1 retrovirus itself
encoding the v-myc oncogene. An increase in microvascular density beginning very
early (13 days) after the transplantation of both c-myc and v-myc-transformed bur-
sal progenitor cells was observed. This vasculature has been found to be maintained
through all stages of lymphomagenesis. Additionally, media conditioned by cul-
tured myc-transformed bursal cells were found to stimulate proliferation of human
microvascular endothelial cells in vitro.

Thus, at least in genetically simple systems, where c-Myc is the only transform-
ing protein, it could be directly implicated in the induction of angiogenesis and vas-
cular homeostasis. The latter, as mentioned in preceding chapters, is controlled by a
complex set of regulatory factors. These factors could be divided into two categories
— pro-angiogenic cytokines such as vascular endothelial growth factor A (VEGF A),
B, and C, acidic and basic fibroblast growth factors (a/bFGF), angiopoietin-1 (Ang-
1) [reviewed in (Adams and Alitalo 2007)], and anti-angiogenic inhibitors such as
thrombospondins 1 and 2 (TSP-1/2) (Rastinejad et al. 1989; Volpert et al. 1995a,b),
angiostatin (O’Reilly 1997), and endostatin (O’Reilly et al. 1997). An equilibrium
that exists between these activating and inhibitory molecules is thought to maintain
the angiogenic balance in normal tissues under physiological conditions. However,
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this balance is impaired during the course of neoplastic progression resulting in
abnormal tumor neovascularization (Bouck et al. 1996). In light of the “balance
hypothesis,” the pro-angiogenic effects could be accomplished by either activat-
ing an activator, or inhibiting an inhibitor, or performing both tasks simultaneously.
How does Myc go about it?

The Myc-VEGF Axis in Tumorigenesis

Myc as the Inducer of VEGF

Some early answers to this mechanistic question came from B-cell lymphoma
research. It is well recognized that angiogenesis is an integral part of tumor expan-
sion in B-cell malignancies (Perez-Atayde et al. 1997; Vacca et al. 1999; Saaristo
et al. 2000). Also, B-cell tumors are known to be a good source of a secreted pro-
angiogenic factor VEGF-A (herein referred to simply as VEGF). Other members of
the VEGF family, notably C and D, are known to promote mainly lymphangiogen-
esis, or growth of new lymphatic vessels (Alitalo and Carmeliet 2002; Adams and
Alitalo 2007).

The role of c-myc in VEGF-mediated angiogenesis and lymphangiogenesis has
been investigated by several groups. Ruddell and colleagues observed that acti-
vation of c-Myc, placed under the control of a tetracycline-inducible promoter,
increased VEGF expression up to 10-fold in both human B-cell line P493-6 and
avian B cells (Mezquita et al. 2005). This is true not only in vitro but also in vivo, as
noted in the murine model of Burkitt’s lymphoma (Ep-myc mice), where c-Myc is
overexpressed specifically in the B-lymphocytes of bone marrow and lymph nodes
(Ruddell et al. 2003). These pre-cancerous tissues showed an increase in the expres-
sion of endothelial markers VEGFR-2 and VEGFR-3. Moreover, blood vasculature
and lymphatic vessel formation were pronounced in both tissues. Tracker-dye flow
experiments also showed that the new lymphatic vessels were fully functional and
hence capable of promoting tumor expansion by metastasis.

Another study that extensively analyzed the effect of c-Myc on VEGF expres-
sion was performed using c-myc-null embryonic stem (ES) cells (Baudino et al.
2002). The c-Myc-null mice die very early in embryogenesis with several devel-
opmental defects. A close examination of the c-myc”~ embryos revealed that they
harbored defects in several processes such as vasculogenesis, angiogenesis, differen-
tiation, and erythropoiesis. These defects were attributed to very low levels of VEGF
expression in the absence of wild-type c-Myc. Northern blot and real-time PCR
showed a reduction in the levels of VEGF mRNA. In situ hybridization performed
in c-myc™~ embryos further confirmed the downregulation of VEGF expression in
both the embryo proper and the yolk sac. When injected into Scid mice, c-myc”~ ES
cells formed significantly smaller tumors compared to either c-myc*'~ or c-myc*'*
counterparts. Thus, c-Myc appears to be essential for VEGF expression in vivo.

However, c-Myc might not have any direct role in increasing VEGF transcrip-
tion or VEGF mRNA levels. There was no evidence for direct binding of Myc to the
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VEGF promoter region, although the latter does contain a conserved Myc-binding
sequence. Measurement of VEGF mRNA levels by quantitative PCR revealed that
c-Myc had no direct role in increasing VEGF transcription in human P493-6 cells
(Mezquita et al. 2005). Instead, c-Myc was shown to indirectly increase VEGF pro-
tein levels by increasing the translation of VEGF mRNA. It was reported in an
earlier work that c-Myc overexpression can increase the levels of the translation
initiation factor eIF-4E (Rosenwald et al. 1993), which could in turn increase the
translation of VEGF mRNA (Kevil et al. 1996). In this study, however, increased
VEGF mRNA translation was not associated with an increase in this factor; rather
there was an increase in the loading of VEGF mRNA onto polysomes. Thus, the
mechanism by which c-Myc promotes VEGF translation is complex and may be
dependent on the cell type.

This idea could be further supported by revisiting the c-myc™'~ ES model
(Baudino et al. 2002) where VEGF seems to be only partially responsible for the
defects observed in the c-myc™~ embryos. Restoration of VEGF levels incom-
pletely rescued the loss of tumorigenic potential of c-myc™'~ ES cells, suggesting
that additional pathways had been rendered non-functional due to the loss of c-Myc.
Furthermore, induction of VEGF may not be the universal mechanism of pro-
moting angiogenesis in all tissues or tumor types. For example, undifferenti-
ated keratinocytes expressing MycER™ show elevated VEGF levels (Pelengaris
et al. 1999), whereas Rat-1A fibroblasts expressing MycER™ show no noticeable
changes in the levels of VEGF (Ngo et al. 2000).

Nevertheless, several lines of evidence, both in vitro and in vivo, show that
c-Myc is the major regulator of VEGF and potentially other angiogenic factors,
which cooperate to promote angiogenesis in embryonic as well as adult tissues
under normal and pathological conditions. Depending on the tumor/cell type c-Myc
may directly or indirectly stimulate VEGF expression either by transcriptional or
post-transcriptional mechanisms. These and other findings led to the idea that induc-
tion of VEGF production by Myc might be contingent upon certain physiological
or pathological conditions and molecular determinants thereof. What could these
conditions be? Important clues have emerged from the analysis of Myc-induced
phenotypes.

Myc, Hypoxia, and VEGF

As outlined above, c-Myc is a master regulator of cell proliferation, cell growth, and
metabolism. Thus, induction of endogenous Myc in normal cells by growth factors
is followed by the activation of a regulated program of cell growth that is dominated
by ribosomal biogenesis, coupled with mitochondrial biogenesis that provides ade-
quate energy for cellular entry into S phase, where the fidelity of DNA replication
is paramount. When growth factor signaling ceases, Myc expression diminishes and
the cell returns to a resting state. By contrast, deregulated Myc expression in can-
cer cells leads to a constitutive drive for cell growth and cell proliferation, which
are both highly demanding of oxygen for energy production, such that decoupling



172 P. Sundaram et al.

of energy production from the drive for cell growth results in apoptosis. Hence, as
deregulated c-Myc drives the cell into uncontrolled growth, its will create a hypoxic
microenvironment wherein an expanding three-dimensional cellular mass is limited
by diffusion of oxygen and nutrients to the core of hypoxic cells. In this regard,
c-Myc-induced cell proliferation creates a hypoxic tumor microenvironment, which
is known to promote angiogenesis (see Chapter 6.)

In order to determine if VEGF is involved in c-Myc-induced hypoxia and ensu-
ing angiogenesis, the same involucrin-mycER™ was employed (Pelengaris et al.
1999). In situ hybridization in post-mitotic keratinocytes isolated from the epidermal
tumors overexpressing c-Myc revealed localization of VEGF mRNA to hypoxia-
rich regions of the inner sheath cells of hair follicles (Knies-Bamforth et al. 2004).
Similar results were obtained in vitro where high VEGF levels were attained only
when cells were exposed to hypoxic conditions. Increased VEGF expression not
only coincided with hypoxia-rich regions but also was shown to be responsible
for promoting angiogenesis. In fact, inhibiting VEGF dramatically reduced angio-
genesis in vivo in mouse epidermal tumors overexpressing c-Myc (Knies-Bamforth
et al. 2004). As a separate observation, hypoxia increased the transcription of VEGF
mRNA and at the same time contributed to the VEGF mRNA stability in rat glial
tumor cells (Stein et al. 1995). How could this be explained mechanistically?

Hypoxia triggers the production of hypoxia-inducible factors 1 and 2 (HIF-1
and HIF-2; see Chapter 6), which transactivate target genes, thus helping tumor
cells adapt to and survive the low-oxygen environment. Some of these genes encode
transcription factors, metabolic enzymes, cytokines and, predictably, pro-angiogenic
factors such as VEGF and Angl (Forsythe et al. 1996; Kelly et al. 2003; Manalo
et al. 2005; Semenza 2008). It was shown as early as in 1996 that HIF-1 induces
VEGF transcription by directly binding to the HIF Response Element (HRE) in
the 5’region of the VEGF gene (Forsythe et al. 1996; Semenza 2008). Perhaps
deregulated c-Myc works in concert with HIF-1 to increase VEGF protein out-
put? Verification of this hypothesis proved difficult, primarily because interactions
between c-Myc and HIF-1 appear to vary depending on the cellular context.

Several groups studying VHL-deficient renal carcinomas with stabilized HIF-1
have shown that HIF-1 inhibits c-Myc function under normal physiological con-
ditions (Koshiji et al. 2004; Zhang et al. 2007), wherein HIF-1 might positively
cooperate with deregulated c-Myc oncoprotein (Gordan et al. 2007a). Similar results
have also been observed in the P493-6 Burkitt's lymphoma model with an inducible
Myc, whereas hypoxia-induced HIF-1 cooperates with deregulated c-Myc and trig-
gers the production of VEGF to promote angiogenesis (Kim et al. 2007). HIF-2, on
the other hand, appears to cooperate with c-Myc by increasing its activity, if not
steady-state levels (Gordan et al. 2007b; Gordan and Simon 2007).

Therefore, the propensity of HIF-1 to antagonize or cooperate with c-Myc
depends on whether c-Myc is a deregulated oncoprotein or whether the inter-
play between Myc and HIF-1 unfolds in a physiological context. HIF-2, which is
highly expressed naturally in endothelial cells is expected to collaborate with Myc,
particularly under physiological conditions, when endothelial cells are recruited into
a hypoxic region and need to proliferate in a Myc-dependent fashion (Manalo et al.
2005). On the other hand, non-endothelial cells are expected to trigger a different
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response to hypoxia under the pathological condition of ischemia. This is because
they would be best served by withdrawing into a resting (G0/G1) phase until normal
oxygen tension and supply of nutrients are restored following re-vascularization of
an ischemic tissue. This physiological context is in marked contrast to a cluster
of deregulated cancer cells which have escaped normal cues and hence adapted
to proliferate under hypoxic conditions. There, deregulation of the c-myc gene
alters the stoichiometric balance between Myc and HIF-1, to the effect that despite
HIF-1 overexpression enough c-Myc is available to bind to Max and promote
tumorigenesis (Dang et al. 2008).

Having concluded that HIF-1 cooperates with the c-Myc oncoprotein, one might
ask if c-Myc has any direct effect on HIF-1 expression in tumors. This remains
an open question, but there is one recent piece of evidence suggesting that c-Myc
inhibits HIF-1 through a microRNA (miRNA)-based mechanism. miRNAs are short
non-coding RNAs, which are cleaved out of exons or introns of Polll transcripts and
are known to control a wide variety of developmental processes. Their physiolog-
ical role is to repress gene expression by binding to the partially complementary
3’UTRs of target mRNAs and facilitating formation of RNA-interference silencing
complexes (RISC). This usually leads to inhibition of translation, mRNA degrada-
tion (Chang and Mendell 2007), or sequestration of mRNA in P-bodies (Liu et al.
2005). Notably, c-Myc induces expression of the 6-microRNA cluster, mir-17-92
(O’Donnell, Wentzel 2005) which has been shown to inhibit HIF-1a expression in
lung cancer cell lines (Taguchi, Yanagisawa 2008). This suggests that there might be
a feedback loop that connects c-Myc and HIF-1; and that it could be either positive
or negative depending on the cellular context (Fig. 8.1).

However, with more research underway, this relatively simple relationship
between c-Myc and HIF might soon be replaced by a more intricate model taking

miR-17-92

Fig. 8.1 Complex interactions between Myc, HIFs, and VEGF. Original artwork by Kathryn
Simmermon, MHA/MHE
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Fig. 8.2 Heterogeneity of
tumor microenvironment
with respect to hypoxia.
Fluorescent micrograph
documenting BrdU (green)
incorporation and hypoxic
areas stained (red) with
anti-pimonidazole antibody
(Hypoxyprobe™:; red) in a
section of a P493-6 human
B-lymphoma xenograft
(courtesy of Anne Le in C.
Dang laboratory)

into account tumor heterogeneity. It should be noted that the tumor microenviron-
ment is a complex jumble of areas with high- and low-proliferation rates and also
of areas that are near-anoxic, hypoxic, or relatively normoxic, depending on the dis-
tance to the nearest blood vessel (Fig. 8.2). In this context, the interplay between
hypoxic and non-hypoxic cells is another important arena for further studies with
regard to the role of Myc and HIF in tumorigenesis.

Myc, Normoxia, Inflammation, and VEGF

c-Myc can trigger tumor angiogenesis in a hypoxia-independent manner as well.
This has been demonstrated by Gerard Evan’s group, which used the transgenic
mouse model pIns-MycER™ ; RIP7-Bcl-x; wherein the switchable c-MycER™
expression is under the control of the insulin promoter active exclusively in p-cells
of the pancreas (Shchors et al. 2006). Two days after Myc activation in the p-cells,
there was an increase in the f-cell population, as expected. However, there was also
an increase in cell proliferation in the neighboring endothelial compartment which
did not overexpress c-Myc. When c-Myc expression was switched off, both the 8-
cell compartment of the pancreas as well as the endothelial compartment showed
a reduction in cell proliferation. This clearly suggested that angiogenesis is indeed
c-Myc induced, with a signal from the p-cells acting in frans and activating the
adjacent endothelial cells. However, no markers of hypoxia were detected in c-Myc
expressing P-cells nor was there an increase in VEGF mRNA.

Instead, the angiogenic signal from c-Myc-expressing B-cells turned out to be
interleukin-18 (IL-18), which was induced 2 h after c-Myc activation. IL-1p in turn
stimulated matrix metalloprotease (MMP) activity in p-cells which mobilized pre-
existing VEGF from the extracellular matrix. MMPs, in particular MMP-9, had
already been shown to be involved in the mobilization of tissue-bound VEGF
(Bergers et al. 2000). Newly released VEGF was now able to instruct adjacent
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endothelial cells to proliferate. Interestingly, inactivation of IL-1f in the pancre-
atic tumor model only delayed but not completely blocked angiogenesis, suggesting
that additional c-Myc-responsive pro-inflammatory stimuli might be involved in
angiogenesis and tumor formation as well (Shchors et al. 2006).

Indeed, a more recent study from the same laboratory has shown that mast
cells were rapidly recruited to the B-cell site upon c-Myc activation (Soucek et al.
2007). Once recruited, mast cells serve as a rich source of VEGF and various
MMPs, which increase tissue angiogenesis and tumor expansion. In fact, the f-
cells in mast cell-deficient mice Kir""W-"]ose the capacity to rapidly expand
upon c-myc overexpression. Moreover, Myc activation was followed by induc-
tion of several chemokines (e.g., Ccl2, Cxcl2, Ccl7, and Ccl5) which attract not
only mast cells but neutrophils and macrophages as well, thus creating a rich pro-
angiogenic milieu (Soucek et al. 2007). This could be regarded as a paradox, since in
other systems acute inflammation exerts anti-angiogenic effects (Hunter et al. 2001;
Thomas-Tikhonenko and Hunter 2003).

Other Ways to Flip the Switch

VEGF-Independent Effects of Myc

While the connection between Myc overexpression and VEGF upregulation is
well established, it is context dependent and does not occur in every cell type or
organ system. Furthermore, with respect to genetically complex neoplasms, it is not
entirely clear what the major genetic cues are that trigger the angiogenic switch
and irrevocably alter the balance between pro- and anti-angiogenic molecules. One
certainly could speculate that Myc drives tumor neovascularization when it is the
only functional oncoprotein [e.g., in the papillomatosis model], but in genetically
complex neoplasms activation of VEGF is attained by other oncoproteins. Indeed,
both Ha- and Ki-Ras are known to activate VEGF (Grugel et al. 1995; Rak et al.
1995; Okada et al. 1998; Serban et al. 2008) and increase the activity of matrix met-
alloproteinases (MMP) (Arbiser et al. 1997) required for endothelial cell migration.
The loss of p53 also results in upregulation of VEGF (Mukhopadhyay et al. 1995;
Volpert et al. 1997) and potentially — in improved stability of hypoxia-induced fac-
tor alpha (HIF1a) (Ravi et al. 2000), the principal physiological inducer of VEGFE.
Thus, it was to be expected that in neoplastic cells with activated Ki-Ras and null
for p53 (for example, advanced colon carcinoma cells) Myc will have little if any
effect on VEGF production.

To determine if this is the case, a previously established line of p53-null murine
colonocytes (Sevignani et al. 1998) was transformed by the c-Myc and Ki-Ras
oncogenes. While Ki-Ras-overexpressing cells formed subcutaneous tumors within
3 weeks, no neoplasms were apparent in mice injected with Myc-overexpressing
colonocytes, even after prolonged observation and in an orthotopic location (cecal
wall.) While overexpression of Myc did not confer overt tumorigenicity upon
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p53-null colonocytes, it was possible that it would enhance the tumorigenic poten-
tial of their Ki-Ras-transformed counterparts. To this end, Ki-Ras/p53-null cells
were infected with a Myc/GFP-encoding MIGR1 retrovirus. In vitro, Ras and
Myc/Ras cultures grew in vitro at the same rate, but while control Ras/GFP cells
formed small, indolent tumors, Ras/Myc/GFP neoplasms were on average three
times larger. The same positive effect of Myc on tumor growth was observed
with MycER™-overexpressing Ras-colonocytes in 4OHT-treated animals (Dews
et al. 2006).

To reveal the nature of Myc effects, histological examination of size-matched
tumors was performed. Most strikingly, Myc-overexpressing tumors possessed
much more robust neovascularization. Especially numerous were large caliber ves-
sels richly perfused with red blood cells. Similar differences emerged when the same
sections were stained with lectin to visualize endothelial cells. While Ki-Ras tumors
contained only solitary lectin-positive cells, the latter were found to surround appar-
ent luminal structures in Myc/Ras neoplasms (Fig. 8.3). In contrast, there was no
increase in the density of lymphatic vessels, as judged by LYVE-1 staining, in
spite of the reported propensity of Myc to promote lymphangiogenesis (Ruddell
et al. 2003).

To determine whether the effects of Myc on angiogenesis are mediated by
hypoxia or VEGF production, levels of HIFla and VEGF were assessed in Ras-
alone and RasMyc tumors. Neither tumor type had detectable HIF1a levels; and

RasGfp

RasGfpMyc

Fig. 8.3 Comparative analysis of RasGfp and RasGfpMyc tumors. Left column depicts hema-
toxylin+eosin staining (H&E). Perfused blood vessels contain numerous red blood cells. Middle
column depicts staining of endothelial cells with lectin (brown). Right column depicts staining of
lymphatic vessels with an antibody against LY VE-1 (brown). The insert depicts staining of normal
ileum. From (Dews et al. 2006)
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there was no upregulation, at the mRNA level, of a variety of known hypoxia-
activated genes such as Glutl or VEGF-A. To investigate possible deregulation of
VEGF at the protein level, ELISA was performed on tumor cell lysates. Again,
no difference in VEGF production between Ras-alone and RasMyc neoplasms was
apparent (Dews et al. 2006). This suggested that Myc can induce angiogenesis in a
VEGF-independent manner. How might it work?

Downregulation of Thrombospondin-1 and Related
Proteins by Myc

It stood to reason that VEGF-independent pro-angiogenic effects of Myc could
be explained by its propensity to downregulate endogenous anti-angiogenic fac-
tors such as thrombospondin-1. Many normal cells do maintain high levels of
thrombospondin-1 (TSP-1) (Good et al. 1990) which largely accounts for their non-
angiogenic phenotype. This was first shown by Noel Bouck’s laboratory studying
cultured fibroblasts from patients with the Li-Fraumeni syndrome (heterozygoc-
ity for p53). Following loss of the remaining allele of tp53, the levels of Tsp-1
fell dramatically, which coincided with robust angiogenicity of cultures fibrob-
lasts (Dameron et al. 1994). Several other studies have linked downregulation of
thrombospondin-1 to activating mutations in the Ras oncogene (Rak et al. 2000;
Ren et al. 2006) suggesting that it is an important negative regulator of tumor
neovascularization.

To a large extent, the anti-angiogenic properties of thrombospondin-1 are medi-
ated by the so-called thrombospondin-1 type 1 repeats (TSR), a cysteine-rich amino
acid sequence (Guo et al. 1997; Iruela-Arispe et al. 1999; Adams and Tucker 2000).
Consistent with this notion, peptides derived from TSR have shown promise in pre-
clinical (Bogdanov et al. 1999; Miao et al. 2001; Reiher et al. 2002) and lately
clinical trials (Hoekstra et al. 2005). Interestingly, TSRs are shared by a diverse
group of proteins, and some of them also possess anti-angiogenic properties, for
example, SPARC (Chlenski et al. 2002), and spondin-1 (Terai et al. 2001). For other
members, the anti-angiogenic connection has not been established or remains con-
troversial. One case in point is the connective tissue growth factor (CTGF), which
has been ascribed to both pro-angiogenic (Babic et al. 1999; Shimo et al. 2001a;
Shimo et al. 2001b) and anti-angiogenic (Inoki et al. 2002) and anti-neoplastic
(Moritani et al. 2003) properties. One possible resolution of this paradox is that
while CTGF might intrinsically promote angiogenesis during embryonic develop-
ment (Lau and Lam 1999; Perbal 2004), it is also known to sequester VEGF, which
is required in tumor contexts for endothelial cell proliferation/survival (Brigstock
2002).

That c-Myc potently downregulates thrombospondin-1 expression was first
demonstrated using transformed Rat-1A fibroblasts where c-Myc was the only func-
tional oncoprotein (Tikhonenko et al. 1996). These cells upon c-Myc activation
showed marked decrease in the TSP-1 levels, but retained unaltered levels of VEGFE.
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Nevertheless, the net phenotype was overtly angiogenic, both in Matrigel and cornea
neovascularization assays (Ngo et al. 2000).

Subsequently, a mouse model expressing conditional Myc under the control of
Tet promoter in the hematopoietic system demonstrated the cooperative role of p53
and Myc in regulating the levels of Tsp-1 (Giuriato et al. 2006). Hematopoietic
tumors that have inactive Myc showed regression only in the presence of wild-type
p53. Lymphomas harboring mutations in p53 showed initial regression of the tumor
upon Myc inactivation but the tumorigenic phenotype relapsed later. This relapse
was associated with low levels of TSP-1 in the absence of p5S3. However, restoration
of either wild-type p53 or TSP-1 resulted in the continuous regression of tumor
suggesting that c-Myc requires p53 activity to downregulate TSP-1

As Myc often works hand-in-hand with a cooperating oncogene in rodents (Land
et al. 1983), it came as no surprise that Myc and Ras coordinate downregulation
of TSP-1 in transformed human epithelial cells (Watnick et al. 2003). In this study,
low-Ras expressing cells formed smaller tumors and were lacking in their ability
to induce neo-vascularization. High-Ras expressing cells, on the other hand, were
able to form large tumors when transplanted into mice, primarily by downregulat-
ing TSP-1 and thereby increasing angiogenesis. Interestingly, Ras achieves this by
activating Myc via the PI3 Kinase/Rho/ROCK signaling pathway. Phosphorylated
Myc, in turn, downregulates Tsp-1 thereby promoting angiogenesis and tumor for-
mation (Watnick et al. 2003) [reviewed in (Volpert and Alani 2003)]. Given the
effects on thrombospondin-1 of both p53 and Ras (through endogenous c-Myc),
would deregulated Myc still downregulate thrombospondin-1 in a meaningful way
in Myc/Ras/p53-null colon carcinoma cells?

To answer this question, microarray analysis was performed on mRNAs from
Ras-alone vs. Ras Myc tumors. Interestingly, the list of Myc-downregulated genes
prominently featured not only thrombospondin-1 but also several other members
of the TSR superfamily (Adams and Tucker 2000): CTGF and its relative WISP2,
spondin-1 (f-spondin), thrombospondin repeat containing [protein] 1, clusterin,
SPARC (secreted acidic cysteine-rich glycoprotein), and thrombospondin type I
domain containing protein 6.

A separate interesting question is how Myc achieves coordinate deregulation of
many TSR family members. Early clues to underlying molecular mechanisms came
from the study showing that c-Myc regulates TSP-1 levels by decreasing the sta-
bility of TSP-1 mRNA (Janz et al. 2000). This effect is now known to involve
microRNAs, and more recently Myc has been shown to induce the expression of
a microRNA cluster called mir-17-92 (O’Donnell et al. 2005). miR-17-92 cluster
was also upregulated in MycRas overexpressing p53-null colonocytes (Dews et al.
2006). Provocatively, several members of the TSR superfamily are predicted targets
of the miR-17-92 cluster [per TargetScan 5.0 algorithm (Friedman et al. 2009)], and
indeed inhibition of mir-17-92 function with antisense oligoribonucleotides partly
restores the levels of Tsp-1 and CTGF, suggesting that these and some other TSR
family members are direct targets of mir-17-92 cluster. Most importantly, overex-
pression of mir-17-92 in Ras-only colonocytes increased tumor neovascularization
and overall growth in a manner reminiscent of Myc activity (Dews et al. 2006).
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Recently, another Myc family member N-Myc was shown to upregulate mir-17-92
(Fontana et al. 2008; Schulte et al. 2008; Chayka et al., 2009), suggesting that it may
promote angiogenesis as well.

N-Myc and Angiogenesis

N-Myc is a proto-oncogene initially identified based on its homology to c-Myc and
is frequently associated with human neuroblastoma (Kohl et al. 1983; Brodeur et al.
1984). In fact, N-Myc promotes angiogenesis and tumor progression by mecha-
nisms both similar to and different from c-Myc. N-Myc induces angiogenesis in
proliferating neuroblastoma cells at least in part by increasing VEGF expression
(Kang et al. 2008). It has been shown that PI3K/Akt signaling is required to main-
tain N-Myc induction of VEGF. Inhibition of PI3K or Akt in neuroblastoma cells by
using siRNAs significantly reduced the expression of both N-myc itself and inde-
pendently — VEGF. Furthermore, it has been reported that N-myc inhibits activin A,
a negative regulator of angiogenesis (Breit et al. 2000). This downregulation, unlike
that by c-Myc, involves a direct interaction of N-Myc with the activin A promoter
region. Another report suggests that N-Myc overexpression downregulates leukemia
inhibitory factor (LIF) which affects proliferation of endothelial cells (Hatzi et al.
2002). The downregulation of LIF has been shown to be independent of c-myc and
is involved in tumor progression and angiogenesis rather than increasing neurob-
lastoma cell proliferation and expansion. Although still sketchy, these studies have
shed light on the molecular mechanisms by which N-Myc induces angiogenesis in
N-Myc-amplified neuroblastoma cells. While it is not known whether N-Myc down-
regulates thrombospondin-1, there is evidence that thrombospondin-1-based peptide
ABT-510 combined with valproic acid is an effective anti-angiogenesis strategy in
neuroblastoma (Yang et al. 2007).

Conclusions

The effects of Myc family members on the expression of pro- and anti-angiogenic
factors are manifold. As detailed above, one common theme is the context-
dependent upregulation of VEGF expression and availability, by both hypoxia-
dependent and hypoxia-independent pathways. This property alone is not unique to
Myc (p53 and Ras do it!) and does not appear to be sufficient for angiogenesis. Myc
also needs to downregulate key anti-angiogenic factors such as thrombospondin-1.
This is achieved at least in part by modulating miRNA activity, and to the extent that
levels of miRNA are highly amenable to biochemical manipulations, they represent
attractive targets for therapeutic anti-angiogenesis.

There is overwhelming evidence that the angiogenic switch is one of the key
events in tumor progression. Once it is turned on, neovascularization closely fol-
lows tumor cell mass expansion (Folkman and Hanahan 1991; Shpitz et al. 2003;
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Takahashi et al. 2003). In most oncogene-driven multi-step mouse tumor models,
it has been demonstrated that angiogenesis is a pre-requisite for tumor growth and
metastasis (Hanahan 1985; Folkman et al. 1989; Bergers et al. 1999; Coussens et al.
1999; Bergers et al. 2000; Nyberg et al. 2008). In fact, some tumors might remain
dormant due exclusively to their failure to recruit new blood vessels (Udagawa et al.
2002; Naumov et al. 2006; Naumov et al. 2008). To the extent that c-Myc family
members aid and abet angiogenesis in a variety of ways and in different settings
(Shchors and Evan, 2007), they should be regarded as key cell-extrinsic regulators
of tumor progression.
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Chapter 9
pS3 and Angiogenesis

Jose G. Teodoro, Sara K. Evans, and Michael R. Green

Cast of Characters

The TP53 gene is the most mutated gene in human cancer and as a consequence
has been one of the most extensively studied genes in the human genome. Over
half of all human cancers carry direct mutations of the p53 coding region. In addi-
tion to sporadic mutations in human cancer, inherited mutations in 7P53 cause a
genetic predisposition to cancer called Li—Fraumeni syndrome. Individuals with
Li—Fraumeni exhibit early onset of a wide variety of cancers including soft-tissue
sarcoma, leukemia, osteosarcoma, and tumors of the breast and brain (Li et al.,
1988). The TP53 gene is not essential for development but seems to have evolved
a primary function to prevent neoplasia in multicellular organisms. The p53 tumor
suppressor protein has the structure of a classical transcription factor possessing
a central domain with sequence-specific DNA binding activity and an N-terminal
acidic region required for transcriptional regulation of target genes. The majority
of mutations observed in human cancer fall within the DNA binding region of p53
and hence disrupts its ability to modify gene expression (Soussi et al., 2006). The
major tumor suppressive properties of p53 are derived from increasing expression
of hundreds of target genes that inhibit cell cycle progression and promote apopto-
sis. In addition, p53 is also thought to regulate target genes that can affect the tumor
microenvironment to inhibit angiogenesis and metastasis.

Introduction: Hardwiring the Angiogenic Switch

Mammalian cells have intensive requirements for oxygen and nutrients and are
provided with a constant supply of both via the capillary network of the vascular
system. In general, cells cannot be located further than approximately 100 pm from
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a capillary, which represents the diffusion limit of oxygen through tissues. As a
result, an inherent property of rapidly proliferating tissues is the formation of new
blood vessels — a process termed angiogenesis. During angiogenesis, cells compris-
ing the vasculature (endothelial cells) are stimulated to divide and migrate to regions
of low oxygen (hypoxia) requiring vascularization. Part of the angiogenic response
also involves the proteolytic breakdown of the extracellular matrix (ECM) to allow
for expansion and growth of existing blood vessels. Widespread angiogenesis occurs
during the normal physiological processes of embryogenesis and at specific periods
in adulthood such as wound healing and cycling of the female reproductive system.
The inappropriate induction of angiogenesis is associated with several patholo-
gies including psoriasis, macular degeneration, inflammation, and atherosclerosis.
Aberrant angiogenesis is also associated with the progression of cancer, where it
plays a critical role in the growth, invasion, and metastases of solid tumors.

The process of angiogenesis is promoted by the production of growth factors
that stimulate endothelial cells to divide and sprout into new blood vessels. This
angiogenic potential is countered by the production of endogenous factors that
actively inhibit angiogenesis. The resulting balance of pro- and anti-angiogenic
factors determines whether a given tissue or tumor cell mass undergoes angiogen-
esis. The early stages of tumor development are thought to be characterized by an
“angiogenic switch” in which the output of pro-angiogenic factors exceeds that of
anti-angiogenic factors, resulting in the tumor becoming highly vascularized and
aggressive. Prior to the angiogenic switch, a small occult tumor can lie dormant for
many years before transitioning to become a vascularized, rapidly growing tumor.

Because new blood vessel formation is an inherent property of rapidly divid-
ing tissues, genes that promote cell division are often hardwired to concomitantly
stimulate angiogenesis. For example, some of the most potent growth-promoting
genes, such as the oncogenes ras (Rak et al. 2000), src (Mukhopadhyay, Tsiokas
and Sukhatme 1995a; Mukhopadhyay et al. 1995b)], myc (Pelengaris et al. 1999),
and fos (Saez et al. 1995), are also powerful stimulators of angiogenesis. Conversely,
the same logic applies to tumor suppressor proteins, which are capable of limiting
cellular division and at the same time preventing angiogenesis. The Rb tumor sup-
pressor, for example, is a key regulator of cell cycle progression and has been shown
to inhibit angiogenesis through several mechanisms (Gabellini, Del Bufalo and Zupi
2006). As discussed in this chapter, p53 — a crucial cell cycle regulator and major
tumor suppressor protein in humans — also plays an important role in inhibiting
angiogenesis and is key to maintaining the angiogenic switch in an “off” state.

p53: The Guardian of the Genome

The tumor suppressor protein p53 is a key regulator of the cellular response to geno-
toxic damage, and thus plays a pivotal role in preventing cancer formation. Once
DNA damage has been incurred, p53 can elicit several different responses to either
correct the error(s) or destroy the damaged cell. First, p53 can induce G1 cell cycle
arrest, which stops the cell from dividing and allows time to repair the damage
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before the DNA is replicated. Second, p53 can activate DNA repair proteins to drive
the repair of damaged DNA. Third, as a last resort, pS3 can induce damaged cells
to undergo programmed cell death (apoptosis), thereby eliminating damaged — and
potentially dangerous — cells at risk for neoplastic transformation. Due to its critical
importance in maintaining genetic stability, p53 has been called the “gatekeeper” or
“guardian” of the genome.

Given the crucial role of p53 in maintaining genomic stability, it is perhaps not
surprising to find that the gene encoding p53 is the most commonly altered gene in
human cancers, being mutated or deleted in half of all tumors. Moreover, many can-
cers involve cellular or viral oncogenes that target and inactivate p53. For example,
the simian virus 40 (SV40) large T-antigen (Mietz et al. 1992; Jiang et al. 1993), the
adenoviral E1A, E1B, and E4orf6 proteins (Yew and Berk 1992; Dobner et al. 1996;
Steegenga et al. 1996; Somasundaram and El-Deiry 1997), and the E6 oncoprotein
from human papilomavirus (Band et al. 1993) all inhibit pS3. Loss of functional
p53 creates an environment that is permissive for genome instability, and allows
cells with DNA damage (i.e., mutations and chromosomal aberrations) to continue
replicating, which, left unchecked, can contribute to tumorigenesis.

The biological effects of p53 are predominantly carried out by its ability to tran-
scriptionally regulate — either through activation or repression — the expression of
specific target genes (although p53 can also perform functions that are independent
of its transcriptional activity, some examples of which are provided in this chapter).
To date, more than 150 p53 target genes have been identified; these genes act at
essentially every step involved in carcinogenesis, providing an explanation for how
pS3 is capable of exerting such extensive restraints on tumor formation. In general,
the p53 target genes that have been most well characterized are those involved in
cell cycle arrest, such as p21 (recently renamed CDKNIA), and those that induce
apoptosis, such as BAX, PUMA (or BBC3), and NOXA (or PMAIPI).

pS3 is a tetrameric protein that contains four functional domains and possesses
the hallmarks of a classical transcription factor. The N-terminus of the protein con-
tains a prototypical acidic transactivation domain, which interacts with components
of the basal transcription machinery and promotes the transcription of genes harbor-
ing p53-binding elements in their promoters. The central core domain is involved in
sequence-specific DNA binding and is the location of the majority of oncogenic p53
mutations. The oligomerization domain contains nuclear localization signals and is
involved in tetramerization of the protein. Lastly, the basic C-terminal domain is a
negative regulatory domain that can inhibit DNA binding by the core domain.

The activity of p53 is modulated by the coordinated interplay of covalent mod-
ifications within the N- and C-terminal domains and a suite of interacting protein
partners, which function to keep p53 levels and activity under extremely tight con-
trol. In normal cells (i.e., those that are unstressed or undamaged), p53 is maintained
at a very low level and in a relatively inactive form, held in check by interaction
with its primary negative regulator, MDM?2. MDM?2 binds the N-terminal domain
of p53 and restricts its function in three ways. First, MDM?2 translocates p53 from
the nucleus to the cytoplasm, thus preventing p53 from accessing DNA. Second,
binding of MDM2 to p53 results in the concealment of its transcriptional activation
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domain, thereby suppressing p53-mediated transactivation. Third, MDM?2, which
is an E3 ubiquitin ligase, promotes the ubiquitination of p53 and targets it for
degradation by the 26S proteasome. The continual degradation of p53 results in
an extremely short half-life for the protein, in the range of mere minutes.

In response to a variety of cellular stress stimuli — such as hypoxia, DNA damage
(induced by either UV, IR, or chemical agents), X-ray irradiation, or oncogene acti-
vation (for example, ras, myc, or E2F) — p53 undergoes substantial post-translational
modification and becomes functionally active. The critical event leading to pS3 acti-
vation is phosphorylation of its N-terminal domain, which inhibits MDM2 binding,
resulting in the rapid accumulation of p53 in the nucleus. Post-translational mod-
ifications in the C-terminal domain, including not only phosphorylation but also
acetylation, sumoylation, and methylation, have diverse affects on p53 stability and
function. For example, acetylation of C-terminal residues has been shown to protect
p53 from ubiquitination, to potentiate its interaction with other transcription factors,
and to induce a conformational change in the protein that exposes the DNA bind-
ing domain, allowing it to activate or repress target genes (Appella and Anderson
2001). Different genotoxic stresses activate pS3 through distinct pathways and result
in post-translational modification of distinct subsets of residues, but the net result of
these post-translational modifications is an increase in not only the stability of the
protein but also its biological activity.

A Role for p53 in Inhibiting Angiogenesis

In addition to its well-known functions in regulating cell-autonomous effects (i.e.,
cell cycle arrest, DNA repair, and apoptosis), the tumor suppressive role of p53
is also mediated through more complex host—tumor interactions, in particular
angiogenesis. Several lines of evidence support the notion that p53 limits tumor
vascularization. First, clinical studies involving a variety of cancers have demon-
strated that tumors carrying p53 mutations are more highly vascularized than tumors
harboring wild-type p53. For example, prostate tumors expressing mutated p53
have significantly greater microvessel density (MVD), a semi-quantitative mea-
sure of tumor vascularization, than tumors expressing wild-type p53 (Yu et al.
1997; Takahashi et al. 1998). Similar correlations have been observed between
pS3 status and MVD in colon cancer (Kang et al. 1997; Takahashi et al. 1998;
Faviana et al. 2002), head and neck tumors (Gasparini et al. 1993) and breast can-
cer (Gasparini et al. 1994). Of particular clinical interest is that even early stage
node-negative breast cancers harboring p53 mutations appear to have higher MVD
than tumors with wild-type p53 and correlate with poor prognosis (Gasparini et al.
1994). Normally, node-negative breast cancers have a favorable prognosis, but the
increased angiogenic potential provided by early loss of p53 in these cancers may
be sufficient to render them much more aggressive.

In addition to the clinical evidence, experimental studies in human cell lines and
mouse models have also shown connections between p53 and angiogenesis. Initial
clues came from studies showing that p53 was able to perform tumor suppressor
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functions independent of its anti-proliferative and pro-apoptotic effects and could
result in avascular, dormant tumors in vivo (Holmgren, Jackson and Arbiser 1998).
Further evidence came from reports showing that overexpression of wild-type p53
could inhibit differentiation of human umbilical vein endothelial cells (HUVECsS)
into capillary-like structures in vitro and neovascularization in vivo (Riccioni et al.
1998). Finally, additional experiments using mouse models have shown that p53-
deficient cell lines show a less pronounced and slower response to anti-angiogenic
therapy compared with p53 wild-type cell lines, indicating anti-angiogenic therapy
is sensitive to p53 status (Yu et al. 2002).

The molecular basis by which p53 interacts with and inhibits the regulatory path-
ways of angiogenesis have recently begun to be elucidated. These studies have
defined three basic mechanisms by which p53 inhibits angiogenesis: (1) inhibi-
tion of hypoxia-sensing systems, (2) downregulation of pro-angiogenesis genes, and
(3) upregulation of anti-angiogenesis pathways. The overall combination of these
effects dramatically dampens the angiogenic output of tumor cells and tilts the tumor
microenvironment in the host substantially toward angiogenesis suppression.

Inhibition of Hypoxia-Sensing Systems

As described in earlier chapters (see Chapters 6 and 8), the key regulator of the cel-
lular response to oxygen deprivation is hypoxia inducible factor 1 (HIF-1). HIF-1 is
a heterodimeric transcription factor composed of two subunits, HIF-1a and HIF-1p.
The HIF-18 subunit is constitutively expressed, whereas the levels of HIF-1a are
intricately regulated in response to cellular oxygen levels. Under normoxic condi-
tions, key oxygen sensors called prolyl hydroxylases (PHDs) use molecular oxygen
as a substrate to hydroxylate HIF-1a on one of two conserved proline residues
(Fig. 9.1). The hydroxylated motif on HIF-1a serves as a binding site for an E3
ubiquitin ligase called the von Hippel-Lindau (VHL) protein, which tags HIF-1a
for proteolysis by the proteosome complex. By contrast, under hypoxic conditions
PHD activity is low, allowing HIF-1a protein levels to increase. The functional HIF-
1o/HIF-1p heterodimer then binds its cognate DNA binding sites, termed hypoxia
responsive elements (HREs), located in the promoters of target genes. HIF-1 tran-
scriptionally activates a number of genes required for response to hypoxia, including
vascular endothelial growth factor (VEGF), a potent angiogenic gene required for
both developmental and tumor angiogenesis (Forsythe et al. 1996; Carmeliet et al.
1998; Iyer et al. 1998; Ryan, Lo and Johnson 1998) (and see Chapter 6).

The p53 tumor suppressor inhibits the HIF-1 pathway by directly binding to HIF-
lo and targeting the protein for degradation (Ravi et al. 2000) (see Fig. 9.1). Because
HIF-1 is a master regulator of the hypoxia-induced response, inhibiting HIF-1 will
have major effects on tumor angiogenesis. Notably, the ability of p53 to inhibit
the HIF-1 system is mediated by its physical interaction with HIF-1a and does not
require its transcriptional activity.

The ability of p53 to inhibit HIF-1 activity does not occur under normal phys-
iological conditions (Rempe et al. 2007). Rather, it most likely occurs only in the
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Fig. 9.1 The p53 tumor suppressor protein limits angiogenesis by inhibiting the central regulator
of hypoxia, HIF-1. HIF-1 is a dimeric transcription factor comprised of HIF-1p, a constitutively
expressed nuclear protein, and HIF-1a, whose levels are dependent on the oxygen levels in the cell.
Under normal oxygen conditions (normoxia), the levels of HIF-1a are kept low by von Hippel—-
Lindau (VHL)-mediated protein degradation. Conversely, under low oxygen conditions (hypoxia),
the levels of HIF-1a are stabilized, allowing activation of HIF-1 target genes that mediate angiogen-
esis. Upon oncogene activation, p53 directly binds HIF-1a and targets the protein for degradation,
thus inhibiting angiogenesis

extreme hypoxic environment of a tumor or when accompanied by other forms of
genotoxic stress (i.e., conditions under which p53 is activated). Evidence in sup-
port of this model has shown that inhibition of HIF-1 by p53 only occurs when
p53 becomes stabilized in tumor cells by stimuli such as DNA damage (Kaluzova
et al. 2004) or acidosis and nutrient deprivation that occur within tumors (Pan et al.
2004). Thus, one of the roles of pS3 in tumor suppression may be to act as a final
checkpoint in allowing angiogenesis to progress, much as it does for cell division.

Downregulation of Pro-angiogenic Factors

Much of the focus on the ability of p53 to act as a tumor suppressor has been on
its role as a transcriptional activator. However, p53-dependent gene activation does
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not appear to occur significantly under conditions of extreme hypoxia (Koumenis
et al. 2001), suggesting that p5S3-mediated transcriptional repression may be partic-
ularly important under certain circumstances, such as when a tumor becomes larger
and low oxygen levels are sustained for long periods of time. The transcriptional
repression of pro-angiogenic genes by p53 may, therefore, represent a mechanism
of last resort to curtail tumor angiogenesis. In this regard, to date p53 has been
shown to directly repress the expression of four genes encoding pro-angiogenic fac-
tors: VEGF, cyclooxygenase-2 (COX-2), fibroblast growth factor 2 (FGF2), and
FGF-binding protein (FGF-BP) (Table 9.1). As discussed below, the mechanisms
by which p53 mediates transcriptional repression of these genes can vary.

VEGF

p53 inhibits VEGF expression during hypoxia by binding the transcription fac-
tor Spl and inhibiting its ability to bind the VEGF promoter and activate VEGF
transcription (Pal, Datta and Mukhopadhyay 2001). As noted above, p53 also indi-
rectly modulates VEGF expression by inhibiting another transcriptional activator of
VEGF, HIF-1. Thus, p53 employs redundant mechanisms to inhibit one of the most
potent pro-angiogenic factors known.

Mutations in p53 have been associated with increased VEGF expression in a
number of human cancers including lung (Fontanini et al. 1997), bladder (Crew et al.
1997), and colorectal (Takahashi et al. 1998) carcinomas. The correlation between
pS53 status and VEGF expression appears to have important prognostic value, as
breast cancer prognosis can be predicted with greater accuracy using VEGF expres-
sion and p53 status as prognostic markers than either VEGF or p53 status alone
(Gasparini et al. 1997; Obermair et al. 1997; Linderholm et al. 2000; Linderholm
et al. 2001). Finally, the ability of wild-type p53 to inhibit angiogenesis has been
linked to suppression of VEGF in human leiomyosarcoma and synovial sarcoma
(Zhang et al. 2000a).

Table 9.1 p53-Regulated genes implicated in angiogenesis

pS3-Downregulated genes pS53-Upregulated genes
VEGEF (vascular endothelial TSP-1/THBS1
growth factor) (thrombospondin-1)
COX-2/PTGS2 BAI1 (brain-specific
(cyclooxygenase-2) angiogenesis inhibitor 1)
FGF2/bFGF (basic fibroblast EPHAZ2 (ephrin receptor A2)
growth factor) EFNAL (ephrin-Al)
FGFBP1/bFGF-BP (basic SERPINS5B (maspin)
fibroblast growth COL18A1 (al collagen 18)
factor-binding protein) COLA4AL1 (al collagen 4)

P4HAZ2 (o [I1] 4-prolyl
hydroxylase)
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COX-2

COX-2 (also known as PTGS2) is an enzyme that converts arachidonic acid to
prostaglandin H2, an intermediate that is subsequently converted to numerous
other molecules known as prostanoids, which are key players in inflammation.
Interestingly, the prostanoids produced by COX-2 can also stimulate the expression
of pro-angiogenic factors (Tsujii et al. 1998; Williams et al. 2000). Thus, by directly
repressing the COX-2 gene, p5S3 may inhibit a significant pathway of prostanoid-
mediated angiogenesis. pS3-mediated repression of COX-2 occurs by a mechanism
whereby p53 inhibits TATA box-binding protein (TBP) from binding to the COX-2
promoter (Subbaramaiah et al. 1999). Although the precise mechanism is not yet
clear, previous studies have shown that p53 suppresses a number of promoters that
contain TATA elements by directly binding to TBP and interfering with its ability to
stably bind the TATA box (Seto et al. 1992; Ragimov et al. 1993).

COX-2 is upregulated in many types of human cancers (Masferrer et al. 2000),
consistent with an important role for this enzyme in promoting tumor angiogen-
esis. In some cases, COX-2 overexpression has been associated with altered p53
status (for example, Erkinheimo et al., 2004). Notably, inhibition of COX-2 has
been shown to suppress tumor formation in various animal models of carcinogen-
esis (Oshima et al. 1996; Chulada et al. 2000). These observations have generated
significant interest in the use of COX-2 inhibitors as potential cancer therapeutics.

FGF2 and FGF-BP

FGF2 (also known as basic FGF or bFGF) is a potent pro-angiogenic cytokine
present in the basement membranes and subendothelial ECM of blood vessels.
FGF?2 is held in an inactive form in the ECM through binding to heparan sulfates
and proteoglycans present in the ECM and is liberated during angiogenesis from
these ECM reservoirs. Release of FGF2 from the ECM requires the action of a
secreted protein called FGF-BP (also called bFGF-BP). p53 represses expression
of FGF2 through direct repression of the FGF2 core promoter (Ueba et al. 1994),
although the precise mechanism is not yet clear as the FGF2 promoter does not
contain a TATA box. Moreover, p53 directly represses expression of the FGF-BP
gene (Sherif et al. 2001). Thus, similar to regulation of VEGF, p53 uses redundant
approaches to suppress a potent pro-angiogenic factor.

In addition to directly repressing transcription of pro-angiogenic genes, p53
may also inhibit production of pro-angiogenic factors through post-transcriptional
mechanisms. In particular, a proteomics-based approach has identified a number
of secreted factors induced or repressed by p53 (Khwaja et al. 2006). Among
the repressed pro-angiogenic factors identified were known direct targets of
p53, including VEGF and transforming growth factor-beta (TGF-B), as well as
previously unidentified targets CYR61, FGF4, and the cytokine interleukin-8.
However, p53 did not appear to modulate the mRNA levels of these genes,
suggesting that p5S3 may increase the levels of these proteins by post-translational
mechanisms such as enhancing their stability or secretion. Such secondary effects
caused by p53 activation may also be significant in mediating changes in the tumor
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microenvironment and underscores the notion that not all p5S3-dependent effects are
transcriptionally based.

Transcriptional Activation of Anti-Angiogenic Factors

p53 has been shown to upregulate a number of genes that inhibit angiogenesis (see
Table 9.1). Unlike transcriptional repression by p53, which can occur by a vari-
ety of mechanisms, activation by p53 is strictly dependent on binding of p53 to a
cognate DNA sequence motif in the promoter of its target gene. Anti-angiogenic fac-
tors upregulated by p53 are, in most cases, factors that are secreted into the ECM.
The biological importance of these p53-induced factors in limiting tumor growth
likely depends on both tumor type and location. As discussed below, several anti-
angiogenic factors that are stimulated in response to p53 also require proteolytic
cleavage in order to release a biologically active angiogenesis inhibitor.

Thrombospondin-1 (TSP-1 or THBS1)

One of the first p53 target genes identified was TSP-I; interestingly, it was also
the first naturally occurring angiogenesis inhibitor to be discovered (Good et al.
1990; Tolsma et al. 1993; Dameron et al. 1994; Weinstat-Saslow et al. 1994). TSP-1
expression is reciprocally regulated by tumor suppressor genes and oncogenes: for
instance, TSP-1 expression is upregulated by the p53 and PTEN tumor suppressors,
but downregulated by a number of oncogenes, including v-src (Slack and Bornstein
1994), c-jun (Dejong et al. 1999), myc (Tikhonenko, Black and Linial 1996; Janz
et al. 2000), and ras (Rak et al. 2000; Watnick et al. 2003). TSP-1 is a large,
450-kDa glycoprotein that is secreted into the ECM. The anti-angiogenic activity
of TSP-1 has been localized to two of its three so-called thrombospondin type 1
repeats (TSRs), a motif that is present in over 70 human proteins. TSP-1 has been
shown to potently inhibit angiogenesis through a number of different mechanisms.
For example, TSP-1 negatively regulates endothelial cell proliferation and migra-
tion both in vitro and in vivo (Hsu et al. 1996; Jimenez et al. 2000; Nor et al.
2000). Many of these inhibitory effects are mediated by direct binding of TSP-1
to endothelial cells via interaction between the TSRs and the cell surface receptor,
CD36 (Dawson et al. 1997; Jimenez et al. 2000). TSP-1 also directly activates the
multifunctional cytokine TGF-81, a secreted factor that plays a role in a variety of
biological functions, including inhibition of angiogenesis. TGF-B1 is secreted in a
latent form that is activated by TSP-1 in the ECM (Crawford et al. 1998). Notably,
TGF-B1 has been shown to have potent tumor suppressive properties in several types
of human cancers (Derynck, Akhurst and Balmain 2001).

TSP-1 expression has been shown to correlate with p53 status in a variety of
cancers, including prostate cancer (Kwak et al. 2002), advanced epithelial ovar-
ian carcinoma (Alvarez et al. 2001), and melanoma (Grant et al. 1998). However,
in other cancers, such a correlation has not been found (Kawahara et al. 1998;
Tokunaga et al. 1998; Grossfeld et al. 2002), suggesting that regulation of TSP-1
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by p53 may be cell-type or tissue-type specific. In some cases, loss of p53 and
the resulting decrease in TSP-1 has been shown to correlate with increased tumor
angiogenesis (Grant et al. 1998; Alvarez et al. 2001). Fibroblasts from patients with
Li—Fraumeni syndrome, a cancer predisposition disease, show a loss of p53 func-
tion that correlates with a reduction in TSP-1 protein expression and a switch from
an inhibitory to stimulatory angiogenic phenotype (Stellmach et al. 1996; Volpert,
Dameron and Bouck 1997). These results strongly suggest that loss of p53 func-
tion contributes, at least in part, to the development of an angiogenic phenotype by
decreasing TSP-1 expression.

Brain-Specific Angiogenesis Inhibitor 1 (BAI1)

Expressed almost exclusively in the brain, BAII was originally identified in a screen
for p53-target genes in glioblastoma cells (Tokino et al. 1994), and subsequent stud-
ies verified that expression of BAIIl could be induced directly by wild-type p53
(Nishimori et al. 1997). The BAII gene product is a large, seven-pass transmem-
brane protein, with extended extracellular and cytoplasmic regions, that belongs
to the adhesion-type family of G-protein-coupled receptors. The N-terminal extra-
cellular region of BAII contains five TSRs, which bear homology to the TSRs
that are found in TSP-1. BAII is cleaved at a conserved G-protein-coupled recep-
tor proteolytic cleavage site within the extracellular domain to generate a soluble
120-kDa fragment containing the five TSRs. This fragment has been shown to
inhibit endothelial cell migration and proliferation in vitro and to inhibit angio-
genesis in vivo in a mouse model; because of these anti-angiogenic properties, the
N-terminal fragment was dubbed vasculostatin (Kaur et al. 2005). The fragment
also suppresses the growth of glioma tumor xenografts in mice. BAI1 was the first
transmembrane protein identified that harbored a releasable proteolytic fragment
with anti-angiogenic and anti-neoplastic properties. Interestingly, an earlier study
had identified a secreted activity in glioblastoma cells that could potently inhibited
angiogenesis and was also stimulated by p53 (Van Meir et al. 1994). This factor
was called glioma-derived angiogenesis inhibitory factor (GD-AIF), but thus far,
the identity of the protein has not been determined. It is tempting to speculate that
this activity may be vasculostatin.

Ephrin Signaling

Another p53-inducible gene that has been implicated in regulation of angiogenesis
is the EPHA2 gene (Dohn, Jiang and Chen 2001; Brantley et al. 2002). EPHA2 is a
member of a family of transmembrane receptor tyrosine kinases, called the ephrin
receptors, which, together with their ligands (ephrins), are thought to play important
roles in angiogenesis (Dodelet and Pasquale 2000; Pasquale 2005). Like most ephrin
receptors, EPHA?2 signaling is decidedly complex and has been shown to have either
an oncogenic or a tumor suppressor effect depending on physiological context. In
cancer cells, the EPHA2 gene is typically overexpressed and functions as a potent
oncogene (Walker-Daniels et al. 1999; Easty and Bennett 2000; Ogawa et al. 2000;
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Zelinski et al. 2001; Miyazaki et al. 2003). In normal cells, however, EPHA?2 is
expressed at low levels and acts as a negative regulator of cell growth (Coffman et al.
2003; Kinch and Carles-Kinch 2003). These different activities appear to depend
on the ability of EPHA2 to bind its ligand, ephrin-A1l, which is anchored to the
membrane of adjacent cells; in malignant cells, unstable cell-cell contacts prevent
EPHA?2 from binding ephrin-Al. Adenoviral-mediated delivery of ephrin-Al has
been shown to decrease the tumorigenic potential of EPHA2-overexpressing breast
cancer cells in vivo (Noblitt et al. 2004). Interestingly, both the EPHA2 receptor
and ephrin-A1l are upregulated in response to p53, suggesting that modulation of
signaling through the ephrin pathway may represent another mechanism by which
pS3 disrupts angiogenesis (Dohn et al. 2001; Brantley et al. 2002).

SERPINBS5/Maspin

The SERPINBS gene encodes a 42-kDa protein, commonly called maspin, that
belongs to the serine protease inhibitor (serpin) superfamily. Serpins play a number
of important biological functions, including regulating cell adhesion and differenti-
ation. Maspin was initially identified as a candidate tumor suppressor gene involved
in breast cancer based on its reduced expression in mammary tumor cell lines com-
pared to normal mammary epithelial cells, and subsequent studies revealed that
expression of maspin in breast tumor cells could inhibit tumor cell invasion and
metastasis (Zou et al. 1994). Maspin is also downregulated in several other types of
cancers, and clinical studies have associated loss of maspin expression with the pro-
gression and poor prognosis (Khalkhali-Ellis 2006). The ability of maspin to inhibit
tumor cell invasion and metastasis appears to derive, at least in part, from its poten-
tial to inhibit angiogenesis. Maspin inhibits endothelial cell migration in vitro and
blocks neovascularization in an animal model (Zhang et al. 2000b). p53 induces
maspin expression by binding the p53-response element present in the promoter,
indicating maspin is a direct p53 target gene (Zou et al. 2000). Interestingly, several
studies have found correlations between maspin expression, p53 status, and MVD
in colon cancers (Song et al. 2002).

Anti-angiogenic Collagens

A relatively recently identified class of potent, endogenous angiogenesis inhibitors
are those that are derived from proteolytic fragments of certain types of collagen,
an abundant insoluble fibrous protein present in the ECM and connective tissue.
Most anti-angiogenic collagens are constitutively expressed in vascular basement
membranes; these include type IV collagens, the main constituent of basement
membranes, as well as type XVIII collagen (Kalluri 2003). These collagens can be
proteolytically processed by matrix metalloproteases, serine proteases, or cysteine
proteases to produce anti-angiogenic peptides such as endostatin, which is derived
from al collagen 18, and tumstatin, canstatin, and arresten, which are derived,
respectively, from a3, a2, and al collagen 4. These peptides exert their effects
by interacting with specific receptors on the endothelial cell surface and inhibiting
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angiogenesis by, for example, reducing endothelial cell proliferation or migration,
or increasing endothelial cell apoptosis. Collagen-derived anti-angiogenic peptides
have generated significant therapeutic interest as angiogenesis inhibitors for the
treatment of cancer, but recent evidence has begun to suggest that these molecules
are also part of the body’s naturally occurring tumor suppressor mechanisms. An
understanding of these mechanisms first requires an introduction to the collagen
biosynthesis pathway.

The collagen family of proteins is characterized by the presence of so-called
collagen repeats, which comprise several copies of the amino acid sequence glycine-
X-Y, in which X is often a proline residue and Y is frequently a 4-hydroxyproline
residue. To create a mature collagen molecule, the collagen repeats from three
separate collagen o chains wind around one another to form a rigid triple helix
structure. Formation of this triple helix requires hydrogen bonding between the
4-hydroxyproline residues; without these modified amino acid residues, collagen
molecules are unstable and do not form.

Proline hydroxylation is the rate-limiting step in collagen biosynthesis. The two
enzymes that post-translationally modify prolines within the collagen repeats are
called a[l] and afII] prolyl 4-hydroxylase (hereafter referred to as o(I)PH and
a(IDPH). The a(I)PH isoenzyme is ubiquitously expressed and is the predominant
collagen prolyl hydroxlase activity in connective tissues. By contrast, the a(I[)PH
isoform has a much more restricted expression pattern and is mostly expressed
in chondrocytes and capillary endothelial cells (Nissi et al. 2001). The prolyl 4-
hydroxylases that modify collagens are catalytically very similar to the PHDs
involved in HIF-la hydroxylation mentioned above in that they require molec-
ular oxygen, as well as ascorbic acid, Fe’*, and a-ketoglutarate, as cofactor for
catalytic activity. However, the collagen prolyl 4-hydroxylases differ from PHDs
in their subcellular localization: prolyl 4-hydroxylases are localized to the endo-
plasmic reticulum where collagens are assembled, whereas PHDs reside primarily
in the cytoplasm. Loss of collagen prolyl 4-hydroxylase enzymatic activity, which
can occur when its essential cofactor ascorbic acid (vitamin C) is lacking in the
diet, causes scurvy, highlighting the importance of prolyl hydroxylation in collagen
biosynthesis.

Upon activation, the pS3 tumor suppressor initiates a three-pronged transcrip-
tional program that stimulates cells to produce and secrete collagen-derived angio-
genesis inhibitors (Fig. 9.2). First, pS3 directly upregulates expression of at least
two anti-angiogenic collagen genes, COLISAI (encoding al collagen 18) (Miled
et al. 2005) and COL4A1 (encoding ol collagen 4) (Wei et al. 2006). Second, p53
also directly induces expression of a(I[)PH (Teodoro et al. 2006). Upregulation of
a(IT)PH by p53 has been shown to result in an increase in biosynthesis of a1 colla-
gen 18 and a3 collagen 4 (Teodoro et al. 2006). As stated above, these two collagens
possess potent anti-angiogenic activity in their C-terminal proteolytic fragments,
also known as non-collagen 1 (NC1) domains. Thus, p53 increases the expression of
not only anti-angiogenic collagen genes themselves, but also the rate-limiting prolyl
4-hydroxylase enzyme required for collagen biosynthesis. Lastly, p53 also increases
the proteolytic processing of the mature collagens into anti-angiogenic peptides
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Fig. 9.2 The p53 tumor suppressor protein limits angiogenesis by activating a transcriptional
program culminating in the secretion of endogenous collagen-derived angiogenesis inhibitors

(Teodoro et al. 2006). Although this p53-activated proteolytic activity remains to
be identified, there are several candidate proteases known to be transcriptionally
activated by p53, such as matrix metalloprotease 2 (MMP2) (Bian and Sun 1997),
which could mediate this effect.

The identification of an elaborate pS3-induced transcriptional program involved
in the biosynthesis and processing of collagen-derived anti-angiogenic fragments
suggests that the shedding of such fragments at the tumor—host interface is
likely to contribute to the general p53-dependent mechanism of inhibiting tumor
vascularization and growth. Notably, in addition to a3 collagen 4 and al collagen
18, there have been five other collagens identified to date that contain domains
with demonstrated anti-angiogenic activity (Table 9.2); whether or not p53 also
increases biosynthesis of these proteins, and their processing into anti-angiogenic
fragments, remains to be determined. Although it is possible that the collagen-
derived angiogenesis inhibitors will have tissue-specific and/or cancer-type-specific
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Table 9.2 Collagen-derived anti-angiogenic factors

Collagen type Anti-angiogenic peptide
al collagen 4 Arresten

a2 collagen 4 Canstatin

a3 collagen 4 Tumstatin

a6 collagen 4 As yet unnamed

al collagen 8 Vastatin

al collagen 15 Restin

al collagen 18 Endostatin

expression patterns, the additive effects of these inhibitors could have extremely
powerful tumor suppression properties.

As stated above, type IV collagens are the most abundant component of vascular
basement membranes. Notably, of the six type IV collagens, four have been reported
to possess domains that are anti-angiogenic (see Table 9.2). The presence of anti-
angiogenic collagens in the basement membrane is thought to maintain endothelial
cells in a quiescent (non-dividing) state (Kalluri 2003). In order for angiogene-
sis to occur, endothelial or cancer cells must proteolytically degrade the vascular
basement membrane by secreting matrix metalloproteases or other ECM-degrading
enzymes. However, this process would also liberate vast amounts of collagen-
derived angiogenesis inhibitors, and unless tumor cells under these conditions
express sufficient pro-angiogenic factors to overcome the release of angiogenesis
inhibitors, neovascularization will not occur.

It is interesting to note that small molecule inhibitors of matrix metalloproteases
were once regarded as ideal drug targets to prevent metastasis. Unfortunately, such
inhibitors are proved unsuccessful for treating cancer and, in some tumor types, even
resulted in accelerated tumor growth during clinical trials (Coussens, Fingleton and
Matrisian 2002; Fingleton 2006). One possible explanation for the ineffectiveness
of these inhibitors is that by inhibiting matrix metalloproteases, they also inhibit
the production of collagen-derived anti-angiogenic peptides, and thus may actually
promote angiogenesis rather than inhibiting the process.

Clinical implications of p53-mediated Upregulation
of Endogenous Angiogenesis Inhibitors

Collagen-Derived Angiogenesis Inhibitors May Contribute to the
Body’s Natural Tumor Suppressor Mechanisms

Although activation of p53 can lead to the production of collagen-derived angiogen-
esis inhibitors, whether or not these factors are effective in limiting tumor growth in
vivo remains to be determined. Several lines of evidence suggest that increasing
biosynthesis of endogenous angiogenesis inhibitors could potentially have dra-
matic impact on tumor incidence and growth. Perhaps the most intriguing piece
of evidence has come from an interesting observation made in individuals with
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trisomy 21, also known as Down syndrome. In particular, certain common pedi-
atric cancers such as neuroblastoma, which typically represents approximately 30%
of childhood solid tumors, are only very rarely observed in individuals with Down
syndrome. Likewise, in older individuals, prevalent cancers, such as breast cancer,
are completely absent in Down’s patients. The extremely low incidence of solid
tumors in Down’s individuals has led to the proposal that chromosome 21 harbors a
potent tumor suppressor activity. Indeed, studies using mouse models have identified
two candidate tumor suppressor genes, Dscrl (Down syndrome candidate region 1)
(Minami et al. 2004) and Ezs2 (Sussan et al. 2008), present on chromosome 21.

Interestingly, the gene encoding al collagen 18, COLI8AI, is also located on
chromosome 21, and it has been proposed that increased dosage of its C-terminal
anti-angiogenic fragment, endostatin, could help explain the reduced solid tumor
incidence in individuals with Down syndrome (Folkman and Kalluri 2004; Sund
et al. 2005). Consistent with this proposal, serum levels of endostatin are approx-
imately 30% higher in Down’s individuals compared to the general population
(Zorick et al. 2001). Experiments in mice have demonstrated that an increase in
endostatin levels as little as 1.7-fold results in significantly slower rates of tumor
growth (Sund et al. 2005), suggesting that even a modest increase in the dosage
of a collagen-derived anti-angiogenic peptide could lead to dramatically reduced
tumor growth rates. Conversely, mice deficient in either the Col4a3 or Coll8al
gene exhibit increased rates of tumor growth (Sund et al. 2005). Collectively,
these observations suggest that collagen-derived angiogenesis inhibitors may have
physiological relevance in limiting tumor formation and growth.

Endogenous Angiogenesis Inhibitors May Mediate Long-Range
Host-Tumor Interactions

Because anti-angiogenic peptides are secreted they are excellent candidates for
mediating long-range effects associated with host—tumor interactions. For exam-
ple, the p53-dependent production of anti-angiogenic factors may explain a rare and
poorly understood phenomenon known as the radiation abscopal effect, in which
ionizing radiation directed toward an unaffected region causes regression of a distal
tumor outside the field of irradiation (Fig. 9.3). This effect is mediated by a solu-
ble factor(s) produced at the site of irradiation that is able to inhibit tumor growth.
Although originally thought to be due to an immune response directed against the
tumor, it has since been demonstrated that the radiation abscopal effect is depen-
dent on p53 (Camphausen et al. 2003), which is perhaps not surprising as X-ray
irradiation, and the subsequent DNA damage it produces, is known to activate the
pS3 pathway. It is possible, then, that the radiation abscopal effect is due to p53-
dependent production of collagen-derived angiogenesis inhibitors or other soluble
anti-angiogenic factors.

The pS53-mediated production of secreted collagen-derived angiogenesis
inhibitors may also be relevant to abscopal effects that occur following surgical
removal of a tumor (see Fig. 9.3). It has been reported that primary tumors can
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Fig. 9.3 p53-Induced production of endogenous angiogenesis inhibitors may mediate long-range
host—tumor interactions. (Top) The radiation abscopal effect is mediated by soluble factors, per-
haps endogenous anti-angiogenic factors, that are produced at the site of irradiation and are able to
inhibit tumor growth. (Bottom) The p53-mediated production of secreted collagen-derived angio-
genesis inhibitors may also be relevant to abscopal effects that occur following surgical removal of
a tumor

inhibit the growth of a distant metastasis through inhibition of angiogenesis (Prehn
1991; O’Reilly et al. 1994; Sckell et al. 1998). In these situations, surgical removal
of the primary tumor results in dramatically increased metastatic growth. However,
when the primary tumor is irradiated, angiogenesis at a distal site is inhibited and
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growth of the metastases is limited (Hartford et al. 2000). Interestingly, in this
same study, irradiation of the primary tumor was shown to lead to an increase in
serum endostatin levels, consistent with the notion that p53-dependent production
of collagen-derived angiogenesis inhibitors plays a role in this abscopal effect.

A Potential Role for Endogenous Angiogenesis Inhibitors
in Promoting Tumor Dormancy

The p53-mediated production and secretion of anti-angiogenic factors may also help
explain how small tumors are maintained in a dormant state for long periods of time.
For instance, almost all individuals are thought to carry small microscopic growths
of transformed cells — termed in situ carcinomas — in the thyroid, and yet thyroid
cancer is a relatively rare type of malignancy (Harach, Franssila and Wasenius 1985;
Black and Welch 1993). Similarly, approximately 40% of women between the ages
of 40 and 50 harbor small malignant mammary cell foci; however, only 1% of the
female population is diagnosed with breast cancer (Nielsen et al. 1987; Black and
Welch 1993). It has been proposed that production of anti-angiogenic factors by in
situ carcinomas limits their growth and prevents the majority of these tumors from
becoming life threatening (Folkman and Kalluri 2004).

In some genetically well-characterized tumor types, such as colorectal cancer,
the acquisition of p53 mutations is known to be a relatively late event in the pro-
gression from early to late-stage tumors (Baker et al. 1990). Loss of p53 function
could, therefore, represent a turning point in which a small incipient tumor toggles
the angiogenic switch to an “on state” and begins to rapidly grow due to neoangio-
genesis. This model is supported by two experimental findings: first, reversal of the
angiogenic switch requires either p53 or TSP-1 expression (Giuriato et al. 2000);
and second, p53 expression has been shown to induce tumor dormancy by limit-
ing angiogenesis (Holmgren et al. 1998; Gautam et al. 2002). Thus, part of the role
of p53 may be to isolate small, non-vascularized microtumors by stimulating the
constant production of angiogenesis inhibitors, thereby greatly hindering the angio-
genic output of the tumor cells and limiting tumor growth (Fig. 9.4). Upon mutation
of p53 this angiogenic checkpoint is lost, and tumor angiogenesis — and therefore
tumor growth — proceeds unabated.

An important question in the field of cancer biology is: What are the molecular
mechanisms that drive small benign growths to become highly vascularized, rapidly
growing cancers? The goals of future research in this area are to understand the
molecular events that control the angiogenic switch and how small in situ carcino-
mas can be maintained in dormant states for years or even decades. Once a clear
understanding of the process is gained, it may then be possible to devise therapies
that revert large tumors back into a dormant state. Moreover, current cancer diag-
noses generally occur after the tumor has reached a dangerously large size. As better
biomarkers are discovered that allow cancer to be detected at earlier stages, adminis-
tration of anti-angiogenic therapy may be an effective method of maintaining tumors
in a small, asymptomatic state.
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Fig. 9.4 p53 regulates the angiogenic switch in small, incipient tumors. Upon activation, p53 stim-
ulates the constant production of angiogenesis inhibitors, thereby greatly hindering the angiogenic
output of the tumor cells and limiting tumor growth. Tumors in which p53 is mutated have greater
angiogenic potential due to both increased production of pro-angiogenic factors and decreased syn-
thesis of anti-angiogenic factors. Under these conditions, the angiogenic switch is turned on and
tumor growth proceeds unabated

p53-Induced Angiogenesis Inhibitors as Potential Cancer
Therapeutics

In the early 1970s, Judah Folkman proposed that targeting angiogenesis in tumor
tissues could be a therapeutic approach to preventing tumor progression. To date,
more than 30 angiogenesis inhibitors are in clinical trials, representing one of the
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most promising avenues of cancer drug discovery. In particular, endogenous p53-
induced angiogenesis inhibitors possess several important properties for therapeutic
applications: they are generally non-toxic, they are secreted and function extracellu-
larly, and often the biologically active portion of these molecules is a relatively small
peptide. These ideal properties increase the possibility that endogenous p53-induced
anti-angiogenic factors may make their way into the clinic as therapeutic treatments
for cancer. The first endogenous angiogenesis inhibitor to enter clinical trials was
endostatin. Although proven safe to use, recombinant human endostatin had only
minimal efficacy when tested in clinical trials for advanced neuroendocrine tumors
(Herbst et al. 2002; Kulke et al. 2006). Despite setbacks, there remains interest in
further clinical trials for endostatin and other endogenous angiogenesis inhibitors
such as tumstatin. One limitation of the endostatin trials was that the therapy was
conducted as a monotherapy. However, successful trials with other angiogenesis
inhibitors have generally been conducted in combination with conventional can-
cer therapeutics and may be a more feasible approach. In support of this notion, a
modified form of endostatin called “Endostar” has been approved, in combination
with chemotherapy, for treatment of non-small cell lung cancer in China (Jia and
Kling 2006).

The limited success of endostatin has also prompted speculation that a more
successful therapeutic approach may involve targeting multiple anti-angiogenic
pathways. In this regard, one of the most promising angiogenesis inhibitors to be
developed is Avastin (also known as bevacizumab), a monoclonal antibody that tar-
gets and inhibits the pro-angiogenic factor VEGF. Avastin was approved in 2004
in the United States for the treatment of metastatic colon cancer, and is now a
frontline therapy for several types of malignancies. However, results of clinical
trials with Avastin have not been overwhelming (Yang et al. 2003). One possibil-
ity yet to be addressed is whether agents that block pro-angiogenic factors, such
as Avastin, can synergize with endogenous anti-angiogenic factors such as endo-
statin or tumstatin. Cocktail therapies containing a variety of anti-angiogenesis
inhibitors targeting several pathways may provide significantly broader anti-
cancer effects and dramatically improve the efficacy of current anti-angiogenesis
approaches.

An additional strategy that may have potential in future therapies is to mobilize
endogenous anti-angiogenic factors from their storage pools in the ECM by activat-
ing wild-type p53. The feasibility of this approach stems from the recent discovery
of a family of small molecule MDM?2 antagonists called Nutlins, which inhibit the
p53-MDM?2 interaction and thereby lead to activation of p53. One of these family
members, Nutlin-3, has been shown to induce the expression of p53-regulated genes
and to exhibit potent anti-proliferative activity in cells with functional p53. Nutlin-3
also inhibits the growth of human tumor xenografts in nude mice (Vassilev et al.
2004). Currently, there is interest in utilizing molecules such as Nutlin-3 as sensi-
tizers for cytotoxic cancer therapies such as chemotherapy or radiation. It may be
worthwhile to also test if these molecules also sensitize tumors to anti-angiogenic
therapy in vivo.
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The Role of p53 Status in Anti-angiogenic Therapies

It is well established that loss of p53 — which occurs in more than half of all human
tumors — can diminish the therapeutic benefits of conventional chemotherapies such
as radiation and other DNA damaging agents by reducing the cellular apoptosis
response. With the recent development of angiogenesis inhibitors for cancer treat-
ment, one of the most pressing clinical issues is whether the p53 status of tumors
similarly influences the efficacy of drugs targeting tumor angiogenesis. Indeed, a
number of studies have indicated that loss of pS3 may reduce tumor responsive-
ness to anti-angiogenic treatments. In one study, for example, mice bearing tumors
derived from p53~~ human colorectal cancer cells were more resistant than mice
bearing isogenic p53*/* tumors to an anti-angiogenic therapy involving an antibody,
DC101, targeting the VEGF receptor (Yu et al. 2002). This resistance could be due,
at least in part, to one or more of the p53-dependent mechanisms discussed above.
There are several additional reasons why tumors carrying p53 mutations may
be somewhat refractory to anti-angiogenic therapy. Hypoxia-induced apoptosis, for
example, appears to be at least partially dependent on p53 (Graeber et al. 1994),
and when grown under hypoxic conditions, cells harboring p53 mutations rapidly
overtake wild-type p53 counterparts, demonstrating the selective advantage that p53
null cells have under hypoxic conditions (Graeber et al. 1996). However, even if loss
of p53 diminishes the efficacy of anti-angiogenic therapies, this does not necessarily
reduce the potential of these drugs for treating cancer. For example, even though the
p53-negative tumors described above became less sensitive to the DC101 antibody,
it is important to note that these tumors still responded to treatment (Yu et al. 2002).

Conclusions

Inhibition of angiogenesis is now widely recognized as an important component
of the p53 tumor suppressor pathway. pS3 has been shown to inhibit angiogen-
esis by interfering with central regulators of hypoxia that mediate angiogenesis,
inhibiting production of pro-angiogenic factors, and directly increasing the produc-
tion of endogenous angiogenesis inhibitors. The combination of these effects allows
p53 to efficiently shut down the angiogenic potential of cancer cells. Inactivation
of p53 during tumorigenesis reverses these effects and provides a potent stimu-
lus for tumor angiogenesis; as a result, tumors carrying pS3 mutations are more
vascularized, often more aggressive and frequently correlate with poor prognosis
for treatment. Thus, the loss of functional p53 during tumorigenesis likely repre-
sents an essential step in the switch to an angiogenic phenotype that is displayed
by tumors. p53-induced angiogenesis inhibitors represent novel therapies for the
treatment of cancer, although clinical data suggest that maximal therapeutic benefit
may require these inhibitors to be used in conjunction with other therapies. Future
directions of research should attempt to find optimal combinations of conventional
chemotherapies and anti-angiogenic therapies.
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Chapter 10
Ink4a Locus: Beyond Cell Cycle

Greg H. Enders

Cast of Characters

pl6 is an established suppressor of both “liquid” and solid tumors, with the lat-
ter being the most prominent. Major human cancer types with regular inactivation
of p16 include melanoma, adenocarcinoma of the breast, squamous cell carcino-
mas of the lung, pancreatic adenocarcinomas, and colorectal carcinomas (Baylin
et al. 1998; Pollack, Pearson, and Hayward 1996). In pancreatic adenocarcinoma,
the frequency of p16 inactivation approaches 100% (Caldas et al. 1994; Schutte
et al. 1997). Mechanisms of inactivation run the gamut from large deletions to point
mutations and promoter methylation (Baylin et al. 1998). Germ line p16 mutations
in humans are now known to predispose to melanoma (Kamb et al. 1994b), pancre-
atic adenocarcinoma (Goldstein et al. 1995; Vasen et al. 2000), and hepatocellular
carcinoma (Chaubert et al. 1997). The Ink4a locus is unusual in encoding a second
protein, p19AT (Arf), from an alternative reading frame (Liggett et al. 1996; Quelle
et al. 1995). Arf is a tumor suppressor in its own right, acting through p53 and other
targets (Clurman and Groudine 1998; Kamijo et al. 1997; Pomerantz et al. 1998;
Zhang et al. 1998; Korgaonkar et al. 2002; Weber et al. 2000). Whereas Arf appears
to be the dominant tumor suppressor in the mouse, pl6 is in humans (Clurman
and Groudine 1998; Quelle et al. 1997). Many mutations selectively inactivate p16,
sparing Arf (Haber 1997; Koh et al. 1995; Ranade et al. 1995).

Introduction

p16 Is a Cdk Inhibitor and Tumor Suppressor

pl6™&42 was discovered as a binding partner and irhibitor of cyclin-dependent
kinase 4 (Cdk4) and the closely related enzyme Cdk6 (Serrano et al.1993). These
biochemical properties immediately provoked the hypothesis that p16 might exert
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important constraints on cell proliferation, given evidence that Cdk4 and 6 act as
gatekeepers for cell cycle entry. Shortly thereafter, the Ink4a locus was identified
independently as a locus mutated in multiple human cancer cell lines and as a gene
mutated frequently in familial melanoma, pointing to a major tumor suppressor role
(Kamb et al. 1994a,b; Nobori et al. 1994). p16 arrests cells in G1 phase, prior to
DNA replication, in a manner dependent on the retinoblastoma tumor suppressor
protein (pRb) (Lukas et al. 1995; Koh et al. 1995; Medema et al. 1995; Serrano et al.
1995). p16 and pRb thus comprise upstream and downstream elements, respectively,
of a tumor suppressor pathway. Reflecting the broad role of this pathway, p16 is fre-
quently inactivated in sporadic human tumors of several types (Pollack, Pearson,
and Hayward 1996). Moreover, knock-out mice are tumor prone, providing for-
mal proof of p16’s tumor suppressor activity (Serrano et al. 1996; Sharpless et al.
2001). This straightforward story of p16 as a major tumor suppressor and cell cycle
inhibitor remains unchallenged. However, more recent studies have suggested addi-
tional complexity to the biology of p16, touching on several major, topical issues in
cancer biology and including tumor progression and microenvironment.

Mechanism of Cell Cycle Inhibition

Although p16 specifically binds Cdk4 and 6, Cdk2 complexes are also inhibited,
indirectly but potently (McConnell et al. 1999; Mitra et al. 1999; Parry et al. 1999).
p16 binding displaces cyclin D from Cdk 4 and 6, freeing up a large pool of p21 and
p27 Cdk inhibitors to bind to Cdk2 complexes. Inhibition of these Cdks activates
proteins of the pRb family (Sherr 1996). The latter proteins repress transcription of
E2F-dependent genes, which encode a host of proteins involved in cell replication
(Weinberg 1995).

Tumor Biology

Induction in Settings of Sustained Proliferation

Whereas many tumor suppressors, such as pRb, are constitutively expressed, p16
regulation is more like that of p53. p16 expression is low or undetectable in most
tissues during development and early adulthood in the mouse (Krishnamurthy et al.
2004; Zindy et al. 1997). Consistent with this observation, absence of p16 has no
obvious effect during these stages (Serrano et al. 1996). p16 levels accumulate
during aging in several tissues as well as in pre-neoplastic and neoplastic states
(Krishnamurthy et al. 2004). This pattern of regulation is consistent with the notion
that p16 is foremost a tumor suppressor, with limited roles in development or tissue
homeostasis. pl6 is routinely induced as cells approach replicative senescence in
tissue culture, and p16 clearly contributes to such senescence (Alcorta et al. 1996;
Brenner et al. 1998; Erickson et al. 1998; Jarrard et al. 1999; Reznikoff et al. 1996).
In addition, p16 and Arf are induced by experimental states of acute oncogenic acti-
vation in vitro, where these proteins collaborate to impose a senescence-like state
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(Serrano et al. 1997). Given this evidence, a major theme in p16 biology is that
it limits the long-term proliferative capacity of cells. However, given that senes-
cence has been experimentally defined in vitro, the relevance of these observations
to physiologic settings of tumor suppression in vivo has remained uncertain. This
state of affairs has underscored a need for studies of the tumor biology of p16, the
focus of this chapter.

The Promoter

The p16 promoter has not been extensively mapped, but is known to respond to a
number of experimental conditions and specific transcription factors (Wang et al.
2001). Ultraviolet irradiation induces p16 in skin, and gamma irradiation induces
pl6 in a variety of cell types after a lag period in vitro (Robles and Adami 1998;
Wang et al. 1996). The relatively slow kinetics suggests that this induction may
not be direct (Furth et al. 2006). Transcription factors JunB (Passegue and Wagner
2000), Ets1 and 2 (Ohtani et al. 2001), and Sp1 (Wu et al. 2007; Xue et al. 2004)
contribute to pl6 expression but may not account for the full program of pl6
expression in vivo (Krishnamurthy et al. 2004). In addition, p16 and Arf expres-
sion are repressed by the polycomb group transcription factor Bmil (Jacobs et al.
1999). Bmil is viewed as an “architectural” factor, acting on chromatin structure
rather than through a defined enhancer, which helps to account for the difficulty in
mapping specific binding sites in promoters. Technical challenges in studying p16
promoter function include the delayed kinetics of induction by known stimuli and
the frequent inactivation of p16 and/or disruption of its regulation (e.g., by promoter
methylation) in transfectable cell lines.

Heterogeneous Expression in Tumors

Although pl6 is induced in early neoplasia, expression is often heterogeneous in
neoplastic cells (Dai et al. 2000; Wang et al. 2000). One possibility to account for
this pattern is positive feedback regulation. For example, low levels of c-Myc have
been shown to foster accumulation of p16 (Guney et al. 2006). Another factor may
be restriction of expression based on the natural history and/or functional poten-
tial of such cells. Expression in human colon is consistent with restriction to cells
with features of stem cells or their immediate products among the transit ampli-
fying cells (Dai et al. 2000; Furth et al. 2006). That is, early neoplasms such as
aberrant crypt foci or adenomas often show preferential expression at the base of
the epithelial crypts, where stem cells are known to reside in normal colon (Dai
et al. 2000). Moreover, pl6 is frequently induced near the crypt base in patients
with chronic ulcerative colitis, a pre-neoplastic condition associated with repeti-
tive epithelial damage and regeneration (Furth et al. 2006). Crypt fission is known
to occur. Presumably, proliferation of stem cells or their immediate products is
required for such a process. p16 induction has also recently been observed in tumor
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models in vivo in settings of sustained proliferative arrest with features of senes-
cence (Xue et al. 2007; Ventura et al. 2007). Here again, p16 induction appears to
be heterogeneous.

Stem Cell Regulator?

This circumstantial evidence for function in a stem cell lineage in solid tumors of the
colon dovetails with genetic evidence for p16 function in hematopoietic stem cells.
Bmil-null stem cells show reduced long-term replicative potential, a phenotype par-
tially rescued by Ink4a/Arf deletion (Jacobs et al. 1999; Lessard and Sauvageau
2003; Park et al. 2003). Recent experiments, returned to in a later section, have
shown that some neural tissues and aging pancreatic islets have greater capacity for
regeneration in the absence of p16, pointing to p16 regulation of the proliferative
capacity of progenitor cells in this tissue (Krishnamurthy et al. 2006; Molofsky et al.
2006). This notion has taken on added interest of late with evidence that long-term
growth of some solid tumors may be driven by tumor stem cells (Clarke et al. 2006).

Genetic Dissection of p16 Function In Vivo

Spontaneous Tumorigenesis

Absence of p16 predisposes humans and mice to tumor development. As mentioned,
humans with p16 mutations show increased incidence of melanoma, pancreatic ade-
nocarcinoma, and hepatocellular carcinoma. However, even rare individuals with
homozygous, apparently inactivating mutations in p16 have been known to live well
into middle age. Thus, p16 does not appear to be a major gatekeeper of tumor ini-
tiation, despite being inactivated early and often in gastrointestinal malignancies.
Mice null for both p16 and Arf routinely die of lymphomas and sarcomas within
the first year of life. Those with selective loss of p16 are also prone to these tumor
types but typically live beyond a year. These mice have a broadened tumor spec-
trum, but in general humans and mice null for p16 evince fewer tumors and at later
ages than mice null for p53, adenomatous polyposis coli (APC), and some other
tumor suppressors.

Inhibition of Tumor Progression

Absence of p16 accelerates progression of tumors initiated by independent lesions in
several tissue types. Combined p16 absence and mutation of APC in Min (multiple
intestinal neoplasia) mice yields more rapid growth of colon tumors associated with
histological features of malignancy, marked by pockets of necrosis and a honey-
combed pattern of epithelial growth (“cribriforming”). p16 absence alone partially
recapitulated this phenotype (Gibson et al. 2005). Mutation of the Ink4a/Arf locus
or overexpression of Cdk4 fosters accelerated growth of gliomas, when combined
with activation of the epidermal growth factor, consistent with substantial evidence
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from human clinical samples that p16 restrains growth of these tumors (Holland
et al. 1998). The most dramatic phenotype associated to date with pl6 absence
occurs in a mouse model of pancreatic cancer that utilizes conditional activation of
an activated Kras allele from the endogenous promoter (Hingorani et al. 2003). In
these animals, malignant disease occurred in only a minority of animals of advanced
age, whereas Ink4a/Arf deficiency yielded the rapid onset of invasive and metastatic
disease (Aguirre et al. 2003). Although absence of Arf may contribute to this phe-
notype, a substantial body of evidence implicates p16, led by the near universal
inactivation of p16 in human pancreatic adenocarcinomas. Thus, in each of these
instances, p16 limits progression of tumors initiated by mutations in other genes.

Increased Vascularity in the Absence of p16

Some of the human solid tumors with frequent inactivation of p16, such as gliomas
and colorectal carcinomas, are known to be quite vascular. For colon tumors, com-
pelling evidence has been obtained that vascularity plays a limiting role in tumor
progression. From the adenoma stage to malignancy these tumors display abundant,
well-developed, and fine-arborizing vessels, consistent with new vessel formation
(angiogenesis) (Skinner et al. 1995). This vascularity is accompanied by high lev-
els of vascular endothelial growth factor (VEGF) (Wong et al. 1999). Moreover,
antibodies directed against VEGF add efficacy to combined modality treatment of
advanced colorectal carcinoma (Hurwitz et al. 2004). The mechanism(s) underly-
ing the clinical benefit remains a matter of speculation. One possibility is that the
anti-VEGF treatment reduces vessel leakiness, improving tumor vessel blood flow
and perfusion with the concurrently administered cytotoxic agents. However, the
simplest interpretation is probably that VEGF promotes human colorectal carci-
noma growth and that the antibodies antagonize it. Absence of p16 from esophageal
squamous cell carcinomas was associated with high levels of VEGF expression and
poor survival (Takeuchi et al. 2004). The most compelling experimental evidence
obtained thus far for effects of pl6 on the tumor microenvironment may be the
increased vascularity seen in p16-null colon tumors (Gibson et al. 2005, 2003), so
we address this setting in detail (Fig. 10.1).

Fig. 10.1 Increased
vascularity in a p16-null Min
mouse colon tumor. Gross
image through a dissecting
microscope of a tumor
following longitudinal
dissection of the colon. Note
the dramatic red coloration of
the tumor, reflecting
increased vascularity (and
possibly vascular
permeability), compared to
surrounding tissue
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Min colon tumors in Ink4a/Arf-null mice are more vascular than their Ink4a/Arf-
wild-type counterparts (Gibson et al. 2003). The implication is that augmented
angiogenesis may play a role in the more rapid progression of these tumors and
that pl6 may suppress this phenotype. Again, pl6 absence alone partially reca-
pitulated the vascular phenotype, whereas absence of Arf alone had no apparent
effect (Gibson et al. 2005). p16-null tumors in these contexts had higher numbers
of functional blood vessels, red blood cells, and hemoglobin. One can envision p16
suppressing angiogenesis in this context from within either the neoplastic cells or
the vascular response cells. However, p16 expression assessed by immunohistolog-
ical staining is most prominent in the neoplastic cells (Dai et al. 2000) (Cooper and
Enders, unpublished data). In preliminary data, subcutaneous implants containing
the angiogenic factor, basic fibroblast growth factor, did not recruit more vessels in
the Ink4a/Arf-null background than in a wild-type background (Gibson et al. 2003).
Moreover, VEGF levels were higher in p16-null tumors, providing genetic evidence
that angiogenic signaling was increased by the absence of p16 in a tumor develop-
ing in situ. The mechanisms underlying this effect remain to be defined, but we will
return to potential pathways below.

Increased Long-Term Proliferative Capacity in Some p16-Null
Tissues

Recent studies have further defined a role for p16 in limiting long-term proliferation
of cell types in vivo. As touched on earlier, hematopoietic stem cells from older
mice have shown reduced capacity to repopulate the hematopoietic system follow-
ing transfer to lethally irradiated mice. In contrast, Ink4a-null cells maintain this
capacity longer (Janzen et al. 2006). p16 is induced during aging of progenitor cells
in the subventricular zone (SVZ) of the brain (Molofsky et al. 2006). SVZ cells
from older p16-null mice show increased formation of multipotent neurospheres in
culture and proliferation in vivo. Similar effects were seen in the olfactory bulb, but
not in other neural tissues, pointing to tissue specificity. Pancreatic islets express
p16 throughout adulthood, suggesting a particularly sustained role for p16 in this
tissue (Nielsen et al. 1999). Regeneration of islets can be assessed following toxin-
mediated injury. Older mice show a decline in islet regeneration which is rescued
in part by p16 absence (Krishnamurthy et al. 2006). Conversely, modestly elevated
pl6 expression in transgenic mice, comparable to that seen with aging, reduced islet
regeneration. These results provide in vivo evidence that p16 constrains long-term
proliferation of some cell types. This regulation is at least in part cell autonomous,
because it can be seen in pl6-null hematopoietic stem cells transplanted into p16-
wild-type mice. On the other hand, interaction of stem or progenitor cells with the
microenvironment might represent a key element of the regulation by p16, given the
abundant evidence that proliferation of stem and progenitor cells in vivo is affected
by intimate contacts with their microenvironment or “niche.”
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p16 Response Pathways Revisited: Potential
Non-cell-autonomous Effects

Repression of VEGF

This phenotype of increased vascularity and VEGF expression in pl6-null tumors
might be indirect or relatively direct. For example, absence of pl6 might act
indirectly by allowing evolution of a genetically unstable clone with increased
angiogenic signaling. Alternatively, p16 may directly inhibit angiogenic signaling
(Fig. 10.2). Evidence for potential direct effects has emerged. Ectopic expression of
pl6 in glioma cell lines reduces the vascularity of xenografts (Harada et al. 1999).
pl6 expression can acutely inhibit VEGF secretion from such lines in vitro. pl6
appeared to be more potent than p21 or p53 in reducing VEGF transcript levels,
after normalizing for cell cycle inhibition (Harada et al. 1999). Similarly, acute p16
expression in vitro can inhibit VEGF expression from human squamous cell carci-
noma cell lines (Takeuchi et al. 2004) and human colorectal carcinoma cells (Gibson
et al. 2005). The response pathway connecting p16 to VEGF expression has not been
defined but might proceed through the canonical retinoblastoma (pRb) pathway.
Expression of the pRb-related protein p130 reduced VEGF levels and angiogenesis
in human lung carcinoma cell lines (Claudio et al. 2001).

miR17-92
L - =1

L
|—p. I—F: Myc TSRs

Fig. 10.2 Putative p16 response pathways inhibiting angiogenic signaling. p16 inhibits Cdk4/6
complexes, resulting in a net activation of pRb and SMAD3 as transcriptional repressors. The
pRb family proteins repress transcription of E2F-responsive genes, potentially including VEGF.
SMAD?3 inhibits expression of myc. Myc, in turn, can augment VEGF expression, possibly through
translational and transcriptional effects, and can drive expression of the microRNA 17-92, an antag-
onist of expression of thrombospondin repeat (TSR) proteins with anti-angiogenic properties, such
as TSP1
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Myc as a Target

Until recently, pRb family members have been the only known substrates for Cdk4/6
kinases, the Cdks bound by p16. Recently, SMAD3 has emerged as an alternative
substrate (Matsuura et al. 2004). Cdk-dependent phosphorylation of SMAD3 can
abrogate its ability to repress myc transcription. These observations suggest that
myc may be downregulated by p16, through activation of SMAD3 as a myc repres-
sor. Myc has potent angiogenic properties (see Chapter 9). Myc can induce VEGF
(Knies-Bamforth et al. 2004; Baudino et al. 2002). Myc also inhibits expression
of angiogenesis inhibitors, in part through induction of the miRNA17-92 (Dews
et al. 2006; Thomas-Tikhonenko et al. 2004). Thus, p16-mediated repression of myc
might mediate some of p16’s effects on VEGF and angiogenic signaling.

COX-2 and “Stressed” Cells

Another potential candidate for regulation by p16 is COX-2. COX-2 is thought to be
angiogenic. Mammary epithelial cells with epigenetic silencing of the p16 promoter
have been found to express higher levels of COX-2 (Crawford et al. 2004). COX-2
here may be a marker of “stressed” cells with broadly heightened angiogenic sig-
naling and/or a mediator itself (Tsujii et al. 1998). Although stress is an ill-defined
term, it is often used in this context to refer to cells driven to proliferate in settings
of tissue regeneration and inflammation, often accompanied by increased metabolic
demands, production of reactive oxygen species, and DNA damage. These cells
may display increased angiogenic signaling. One model to account for p16’s appar-
ent repression of angiogenesis despite heterogeneous expression is that p16 may be
preferentially induced in stressed cells prone to angiogenic signaling.

Angiogenic Signaling and the Stem Cell Niche

Although treated here separately, p16 effects on angiogenic signaling and stem cell
function may be interrelated. For example, evidence has been obtained that VEGF
can help mold the stem cell niche (Keith and Simon 2007). It makes some intuitive
sense that a function of stem cells may be to direct formation of new vessels when
stem cell proliferation is stimulated and new tissue may be formed.

Conclusions

pl6 function can no longer be effectively captured by a simple linear diagram
depicting inhibition of Cdk4 and 6. Like p53, p16 is a potent cell cycle inhibitor
whose expression is kept in tight check until conditions of sustained proliferation
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develop, often in settings of replicative stress that prefigure or mediate neoplas-
tic growth. Furthermore, pl6 appears, directly and/or indirectly, to repress certain
extracellular signaling, such as expression of VEGF, with substantial non-cell-
autonomous impact. These observations put pl6 function in context and deepen
our understanding of p16 as a tumor suppressor.
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Chapter 11
Nm?23 as a Metastasis Inhibitor

Rajeev Kaul, Masanao Murakami, Pankaj Kumar, and Erle S. Robertson

Cast of Characters

Nm?23 was first cloned from a murine melanoma cell line wherein its expression
correlated inversely with metastatic potential (Steeg et al. 1988). While it is abun-
dantly expressed in aggressive neuroblastoma, the NB alleles typically encode the
S120G substitution, which is likely to be a hypomorphic variant with reduced
function (Chang et al. 1994, 1996). Mutations in other members of Nm23 family
proteins, although not complete loss of function, are thought to be hypomorphic
as well. Furthermore, in colorectal cancers, the allelic deletions of Nm23-H1 gene
have been associated with a more aggressive behavior of cancers in some studies
(Campo et al. 1994) and loss of heterozygocity of Nm23-H1 gene contributes to
the metastasis potential of hepatocellular carcinoma (Ye et al. 1998). The molecular
mechanisms underlying the biological activity of Nm23 are delineated below.

Introduction

The spread of cancer cells to distant organs by metastasis is one of the major causes
of death in cancer patients. In the United States, most of cancer-related deaths are
a consequence of metastatic disease rather than because of the primary tumor itself
(Kauffman et al. 2003). Clinical studies in cancers suggest that dissemination to the
secondary site is frequently an early clinical event (Kauffman et al. 2003). Further,
many studies support a role for the interaction of a cancer cell with its microen-
vironment that involves multiple processes operating in parallel at the secondary
site influencing metastasis (Nicolson 1988). Several genes have been identified that
contribute toward the ability of cancer cells to metastasize. The Nm23 gene was dis-
covered on the basis of its reduced expression in highly metastatic cell lines (Steeg
et al. 1988) and is one of the best characterized metastasis suppressor gene.
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Nm23 Discovery and the Nm23 Gene Family

The first Nm23 gene was discovered by Steeg et al. in 1989 on the basis of its
reduced expression in the highly metastatic murine myeloma cell lines, as com-
pared to their nonmetastatic counterparts. The Nm23 family of proteins can be
separated into two groups based on their sequence homology (Lacombe et al. 2000).
The group I possesses the classic enzymatic activity of a nucleoside diphosphate
(NDP) kinase and includes Nm23 members H1-H4 which share 58-88% identity
(Fig. 11.1). The protein products of the group II genes which include Nm23-HS to
HS8 are more divergent as the sequences share only 25-45% identity with the first
group of proteins and between each other. However, only one product of the group II
genes, Nm23-H6, has been demonstrated to catalyze the NDP kinase reaction (Tee
et al. 2006).

Nm23-H1 shows reduced expression in a highly metastatic melanoma cell
line and is therefore regarded as a putative metastasis suppression gene (Steeg
et al. 1988). Nm23-H2 is highly homologous to Nm23-H1 and is identical to the
transcriptional regulator PuF (Postel et al. 1993). It is thought to play a role in
regulation of transcription of the c-Myc proto-oncogene (Postel et al. 1993, Stahl
et al. 1991). The third gene, Nm23-H3, also known as DR-Nm23 shares about
70% identity with the first two genes. It inhibits differentiation and induces apopto-
sis of granulocytes (Venturelli et al. 1995). The fourth gene, Nm23-H4, encodes a

Head K-pn loop
al al /qz a3 o4 a5
B1 B2 43-69 B3 91-114 P4 152
Nm23-H1
(b)
3 134
Nm23-H1 HEm— 134 152
Nm23-H2 sz
Nm23-H3 — A — 6O
38 65 185
Nm23-H4 R ——— 157
143
Nm23-H5 ——— 013
48 153
Nm23-H6 1—_222—194
Nm23-H7 342 448 o8
NM23-H8 |———————— . —————— 588

Homology Domain

Fig. 11.1 (a) The structure of Nm23-H1 shows the four beta-sheets, the five alpha-helical regions,
and two regions referred to as the head and the K-pn loop. (b) Nm23-H1 protein family members
can be divided into two groups based on sequence homology. The groups I comprises of Nm23-
HI1 to H4 genes encode proteins which possess NDP kinase enzymatic activity and share 58—
88% identity with each other. Group II comprises Nm23-H5 to H8 which are more divergent and
share only 25-45% identity with the first group proteins and between each other. The homologous
regions in the different Nm23 family members are highlighted.
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protein with an amino terminal pre-sequence that has some characteristics consistent
with import into mitochondria (Milon et al. 1997). Nm23-HS5 is expressed almost
exclusively in testis and may be involved in spermatogenesis (Munier et al. 1998).
Nm?23-H6 also exhibits functional NDP kinase activity and is highly expressed in
heart, placenta, skeletal muscle, and some cancer cell lines (Mehus et al. 1999,
Tsuiki et al. 1999). Nm23-H7 has been suggested to be involved in the develop-
ment of colon and gastric carcinoma possibly in a type-specific manner (Seifert
et al. 2005). Nm23-HS is similar to dyenin intermediate chain from sea urchin (IC3)
and Ciona intestinalis IC3, which suggests its distinctiveness from other Nm23 pro-
teins (Padma et al. 2001). Nm23-LV is a recently described long variant of the Nm23
protein family which contains part of Nm23-H1 and the complete Nm23-H2 protein.
It is expressed as a result of read-through transcripts that start in the Nm23-H1 open
reading frame and continue in the neighboring Nm23-H2 gene and contain exons
1-4 of Nm23-H1 and exons 2-5 of Nm23-H2 (Valentijn et al. 2006).

Nm23 Structure

On the basis of X-ray structure, Nm23 was determined to be a hexamer made of
identical subunits with a novel mononucleotide-binding fold (Dumas et al. 1992).
Each subunit was found to contain an alpha/beta domain with a four stranded,
antiparallel beta-sheet. Subsequently it was found that each hexamer was in fact
consisting of two kinds of polypeptide chains, A and B (Gilles et al. 1991). These
chains by random association (A6, A5B ... AB5, B6) form hexameric isoenzymes
differing in their isoelectric point. Sequence determination showed that the chain A
corresponds to Nm23-H1 protein whereas chain B is Nm23-H2 (Gilles et al. 1991).
NDP kinase activity of the molecule is located within the region involved in protein—
protein interaction with the oligomers. The protein—protein interaction which is a
dimeric interaction is conserved among all NDP kinases. X-ray structure of Nm23-
H2 also revealed it to be a hexamer and indicated that two serine residues that are
phosphorylated, Ser44 and Ser122, are on the surface of the hexamer in contrast to
Ser120 which is buried (Webb et al. 1995). The crystal structure analysis confirmed
that Nm23-H1 and Nm23-H2 are very similar and that they bind their nucleotide
substrates in a similar manner suggesting that they are interchangeable as phos-
phate transferase enzymes (Chen et al. 2003b). However, the available structural
data shed little light on its mechanism or the relationship between the enzymatic
activity and the alternative functions. Indeed previous attempts investigating the
relationship between structure and function by studying point mutants of Nm23-H1
showed no significant change in structure (Giraud et al. 2006, Kim et al. 2003).

Nm23 Promoter Characterization

The mapping of 2.1 kb Nm23-H1 promoter has identified three regions involved
in its differential expression levels in human breast carcinoma cell lines, which
include a 195 bp Nhel-Xbal fragment responsible for basal expression levels, a
248 bp AvrlI-Nhel fragment which contribute to the elevated Nm23-H1 expression
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observed in the high expressing cell lines, and a 544 bp Avrll fragment contain-
ing an inhibitory element (Ouatas et al. 2002). A common transcription initiation
site for Nm23-H1 has been reported to be located at —136 upstream from the first
ATG codon in placenta tissue, breast, colorectal, prostate tumor cell lines and in
the primary colorectal tumor; however, multiple transcription start sites were iden-
tified in tumor cell lines, and colorectal tumor (Chen et al. 1994). The Nm23-H1
promoter has no TATA box, but it contains a number of sequences which may
bind known transcriptional regulatory elements (de la Rosa et al. 1996). The analy-
sis of the 248 bp AvrII-Nhel fragment revealed the presence of the transcription
factor-binding sites for MAF/Ets, CTF/NF1, and ACAAAG enhancer which are
important for transcriptional regulation of Nm23-H1 gene (Ouatas et al. 2002). The
Nm?23-H1 gene also contains a putative p53-binding site about 5 kb upstream of
the transcription start site (Rahman-Roblick et al. 2007). Also, there are two CpG
islands in the Nm23-H1 promoter (Hartsough et al. 2001). The promoter sequence of
Nm?23-H2 has also been sequenced and was found to have no significant sequence
homology with Nm23-H1 promoter suggesting that the two genes might be regu-
lated differently, and/or in a cell-type-specific manner (Okada et al. 1996, Seifert
et al. 1995).

Nm23 Gene Mutations

Reduced expression of Nm23-H1 is associated with high potential of metastasis
in most cancers but its expression is increased in aggressive neuroblastoma. The
Nm?23-H1 sequence analysis from different cases of neuroblastoma shows that
S120G substitution is present in advanced tumors but not in limited stage tumors
indicating that the mutation in Nm23-H1 could be a feature of advanced neurob-
lastoma (Chang et al. 1994). Indeed recombinant Nm23-H1 protein containing the
S120G mutation exhibited reduced hexameric and increased dimeric oligomeriza-
tion relative to the wild type and also has lower phosphotransferase activity coupled
with a significant decrease in the enzyme stability (Chang et al. 1996). The same
mutation also affects protein folding (Lascu et al. 1997) and suppresses desensi-
tization of muscarinic potassium current which are important in transmembrane
signaling (Otero et al. 1999). The proline at position 96 and histidine at position
120 but not serine at 44 position are also important for cell motility functions
(MacDonald et al. 1996). Mutations in other members of Nm23 family proteins
such as position histidine 118 in Nm23-H2, serine at position 61 in DR-Nm23 are
also known to affect biochemical activities including effects on apoptosis, differen-
tiation, and metastasis potential of cells (Hamby et al. 2000, Negroni et al. 2000).
The carboxy terminal half (76—152) of Nm23-H1 is known for its transactivation
ability with amino acids from position 109 to 152 absolutely required for this trans-
activation (Cho et al. 2001). The point mutation of proline at position 96 and serine
at position 120 but not histidine at position 118 affects anti-metastasis potential
of Nm23-H1 without affecting its transactivation potential suggesting that trans-
activation potential of Nm23 is likely to be related to its kinase activity but not
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to its metastasis suppressor activity. However, the double mutant P96S/S120G of
Nm?23-H1 abrogates its NDPK activity as well as the motility-suppressive ability
(Zhou et al. 2007). The k-pn (killer of prune mutation in drosophila awd gene)-type
proline-96 to serine (P96S) and neuroblastoma-type serine-120 to glycine (S120G)
mutations of Nm23-H1 are also known to abrogate its inhibitory activity on colo-
nization and invasion probably because of structural changes resulting in reduced
hexameric and increased dimeric oligomerization (Kim et al. 2003). In general,
however, cancers containing overexpressed mutated Nm23-HI1 proteins are rare
events which, even if present, rarely leads to its inactivation (Cipollini et al. 2000,
Wang et al. 1997a). Whereas, loss of expression of Nm23-H1 is a common feature
of aggressive, poorly differentiated tumors (Fujimoto et al. 1998, Hartsough and
Steeg 1998).

Nm23 Allelic Variations

Genetic polymorphism has become a useful tool for identifying candidate genes
associated with disease. For Nm23-H1 gene, two bi-allelic polymorphic restriction
sites, EcoRI and BglII, have been described (Varesco et al. 1992, Yague et al. 1991).
The correlation between tumor stage or metastatic status of cancer and Nm23 muta-
tions or allelic loss or loss of heterozygocity at the Nm23 locus has been extensively
studied (Bosnar et al. 1997, Mandai et al. 1995). In colorectal cancers, the allelic
deletions of Nm23-H1 gene have been associated with a more aggressive behav-
ior of cancers in some studies (Campo et al. 1994), whereas no correlation was
detected between allelic deletion and tumor size, location, or differentiation in other
studies (Seifert et al. 1997, Xu et al. 1995). It has also been suggested that Nm23-H1
protein expression in the early stages of sporadic colon cancer may have a role in
suppressing metastasis, whereas at the later stages both reduced Nm23-H1 protein
expression and loss of heterozygocity of the Nm23-H1 gene may play a role in colon
cancer progression and metastasis (Kapitanovic et al. 2004). Loss of heterozygocity
of Nm23-H1 gene has been shown to have some relationship with the metastasis
potential of hepatocellular carcinoma and has been suggested to be of some help to
predict its recurrence and metastasis (Ye et al. 1998). A recent study on lung cancer
has shown a significant association between the EcoR1 polymorphisms of Nm23-
HI gene and the susceptibility and severity of disease (Hsieh et al. 2007). Therefore,
studies on Nm23-H1 gene in hepatocellular carcinoma, colorectal cancer and human
breast cancer tissues, and cell lines have indeed suggested that genomic alteration
of Nm23-HI is a rare event (Bafico et al. 1993, Cipollini et al. 2000, Fujimoto
et al. 1998).

Nm23 Sub-cellular Localization

Both Nm23-H1 and Nm23-H2 are principally found in the cytosol and in the endo-
plasmic reticulum with some cells exhibiting nuclear staining with the possibility
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that this may be cell cycle dependent (Bosnar et al. 2004) as the sub-cellular local-
ization of proteins is directly related to their functions. Initially based upon the
surface expression detection of Nm23-H1 and Nm23-H2 by flow cytometry, an
extracellular role for these proteins was suggested in addition to their reported
intracellular functions (Urano et al. 1993). The subsequent discovery of a role
for Nm23-H2 in transcriptional activation of c-myc proto-oncogene suggested its
nuclear localization in addition to cytoplasm. Indeed, in addition to its intense and
homogenous cytoplasmic expression, Nm23-H2 is also detected in the centromere
region whereas the distribution of Nm23-H2 in interphase nuclei exhibits a pattern
of uniformly dispersed punctate dots with reduced staining of the nucleoli (Kraeft
et al. 1996).The association of Nm23-H1 and Nm23-H2 with cytoskeletal proteins
and their identical co-localization pattern with microtubules have been reported
(Pinon et al. 1999). In addition, there was a report of the centrosomal localiza-
tion of Nm23-H1 in association with Aurora-A (Du and Hannon 2002). Nm23-R1
and Nm23-R2, the rat homologue of human Nm23-H1 and Nm23-H2, are also
associated with the intermediate filaments suggesting a possible function in poly-
merization of intermediate filament proteins (Roymans et al. 2000). Nm23-H1/R1
are also present in the centrosome of different dividing and non-dividing human and
rat cell types, suggesting that the presence of Nm23-H1 homologues in centrosome
is a general event (Roymans et al. 2001). Nm23-H4 localizes specifically in mito-
chondria and associates with mitochondrial membranes where its amino terminal
extension is cleaved resulting in NDP kinase activity (Kowluru et al. 2002, Milon
et al. 2000). However, cell surface expression of Nm23 proteins is only observed
on tumor cells and not on normal cells (Okabe-Kado et al. 2002). Nm23-H1 is
expressed on the surface of myeloid leukemia lines but not lymphoid lines, while
Nm?23-H2 is only expressed on erythroleukemia lines suggesting that the surface
expression of Nm23 proteins is likely to be related to cellular lineage and the differ-
entiation stage of leukemia cells (Okabe-Kado et al. 2002). Immuno-histochemical
studies on breast cancer tissues also show that strong staining intensity and nuclear
localization of Nm23 protein can be a useful marker of breast cancer progression
(Ismail et al. 2008). Both Nm23-H1 and Nm23-H2 occupy similar locations in cells
of different origin and differentiation status suggesting that even if Nm23 proteins
have different functions in different cells types, they may perform them at similar
cellular locations (Bosnar et al. 2004).

Nm23 Expression Levels

The level of Nm23-H1 protein in normal serum is lower than 10 ng/ml, while that
in the different tumors vary from about 0 to 1000 ng/ml. Tumor cell lines that over-
express Nm23 also secrete this protein into extracellular environment. Exogenously
added Nm23-H1 protein does not affect the growth or survival of various leukemia
and lymphoma cell lines. However, Nm23-H1 protein inhibits the survival of adher-
ent normal peripheral blood mononuclear cells (PBMNC) at 100-1000 ng/ml,
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and slightly stimulates the survival of non-adherent PBMNC (Okabe-Kado and
Kasukabe 2003). Also, in gastric cancer cells Nm23-H1 levels are significantly
higher both at the mRNA and protein levels in free-floating cells than that in adher-
ent cells (lizuka et al. 2001). These studies suggest that Nm23-H1 may act as a
molecular switch between the free-floating and adherent states of cancer cells.

Nm23 and Cell Cycle

Nm?23 gene expression and protein localization are also related to the growth state
of the cells with Nm23-H1 mRNA reaching a maximum abundance in the S-
phase. It is absent or only present at very low levels during GO/G1 phase, whereas
Nm?23-H2 is present in growth-arrested cells but is upregulated following serum
growth stimulation (Caligo et al. 1995). Both Nm23-H1 and Nm23-H2 colocal-
ize with microtubules in cells at interphasic possibly interacting indirectly with
microtubules. In dividing cells, both are distributed with a punctuate pattern and
do not colocalize with the mitotic spindle suggesting a role for these enzymes in
some nucleotide channeling processes where they can locally furnish triphosphonu-
cleotides (Pinon et al. 1999). Both Nm23-H1 and Nm23-H2 are transiently localized
in the nucleus late in the G1 phase of the cycle and are excluded from the nuclei
during S-phase (Bosnar et al. 2004).

Nm23 in a Mouse Model

Propagation of human tumors in the athymic nude mouse has been widely used as
a model for studying human cancer biology and therapeutics. The expression of
Nm?23 mRNA and Nm23 antigen in human uveal melanomas is correlated closely
with reduced metastatic behavior in experimental mice (Ma et al. 1996). Also, the
critical EBV latent antigens EBNA1 and EBNA3C were shown to interact with
Nm23-H1. Using the nude mice model we investigated functional significance of
this interaction and evaluated the metastatic and tumorigenic potential of EBV latent
nuclear antigens. These studies showed that the expression of Nm23-H1 affected
the growth of cancer cells and suppressed their metastatic potential in nude mice.
Our studies establishes this system as a useful functional model for studying the
biological consequences of interaction between Nm23-H1 and latent viral proteins
(Kaul et al. 2007).

Nm23-H1 in Various Cancers

Nm?23-H1 is involved in the pathogenesis on many different cancers. Its involvement
is summarized in the Table 11.1 and detailed in subsequent paragraphs.
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Table 11.1 Association of Nm23-H1 with metastasis in different human cancers

Correlation with

Cancer type metastasis References Comments
Anal canal carcinoma Negative Indinnimeo (2000)
Astrocytoma Negative Nasser (2006),
Martin (1998)
Bladder and renal cancer Negative Chow (2000)
Breast cancer Negative Yamaguchi (1998),
Charpin (1998)
Colorectal carcinoma Negative Tannapfel (1995)
Endometrial and cervical ~Negative Chen (2001) Low expression
carcinoma
Ewing tumor Positive Aryee (1995)
Gall bladder, bile duct Negative Lee (1994) High expression —
aggressive
Gastric cancer Negative Wang (2004), Low expression —
Lacombe et al. poor prognosis
(1991)
Glioma Negative Nasser (2006)
Head and neck cancer Positive Pavelic (2000) Not associate with
malignancy
Hepatocellular carcinoma Negative Bei (1998), High expression
Nakayama (1992)
Laryngeal cancer Positive Wang et al.(1996)
Leukemia Positive Okabe-Kado (2002), Low expression —
Yokoyama (1996) metastasis
Lung cancer Negative Ayabe (2004), High expression —
Okabe-Kado poor prognosis
(2003)
Lymphoma Positive Niitsu (1999), Low expression —
Subramania (2001), poor survival
Murakami (2005)
Melanoma Positive Steeg (1988) In non-Hodgkin
Meningioma Positive Wang (1997)
Nasopharyngeal cancer ~ Negative Liu (2008) High expression —
benign tumors
Neuroblastoma Positive Leone (1993)
Esophageal Negative Tomita (2001)
Oral cancer Negative Khan (2001), Wang
(2004)
Ovarian carcinoma Negative Okabe-Kado (2003),
Yi (2003), Gao
(2004)
Pancreatic cancer Positive Nakamori (1993)
Prostrate carcinoma Negative ? Prowatke (2000), Early stage — high
Konishi (1993) expression
Rheumatoid arthritis Negative Dooley (1996) Primary tumor is
positive

Testicular seminoma
Thyroid carcinoma

Not correlate
Negative

Hori (1997)
Zaton (2001)
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Breast Cancer

The cohort study revealed no correlation between the expression of Nm23-HI
protein/mRNA and breast carcinoma cancer grade and carcinogenesis. However,
lymph node metastatic potential has been shown to clearly have an inverse correla-
tion with Nm23-H1. In addition, several studies have shown inverse relationship
between Nm23-H1 expression and metastasis/cell invasion in an in vitro sys-
tem using breast carcinoma cell lines and also in vivo mice experiments (Kaul
etal. 2007, Leone et al. 1993a, Murakami et al. 2005, Steeg et al. 1993, Subramanian
et al. 2001).

Melanoma

Melanoma is a malignant tumor of melanocytes and is potentially the most dan-
gerous form of skin cancer. Nm23-H1 was originally identified from a melanoma
cell line (Steeg et al. 1988). Although extensive studies have established Nm23-
H1 as a putative metastasis suppressor, conflicting data do exist as to its role in
melanoma progression. Nm23-H1 expression though is significantly reduced in the
oral melanomas (Korabiowska et al. 2005).

Gall Bladder

Most gallbladder cancers are adenocarcinomas and about 75% gall bladder cancers
are categorized as nonpapillary adenocarcinoma. Nm23-H1 protein expression is
absent or weak in most of the poorly differentiated cases. The low expression of
Nm?23-H1 is generally associated with reduced patient survival (Lee and Pirdas-
Zivcic 1994).

Lung Cancer

Histologically, the most frequent type of lung cancer is the non-small cell lung
carcinoma which constitutes about 80% of the total lung cancers. The second fre-
quent type is the small cell lung carcinoma which is about 15% of all lung cancers.
There is controversy regarding the role of Nm23-H1 in metastasis in lung cancer.
Some reports suggest that association of Nm23-H1 with anti-metastatic poten-
tial in lung cancer is significant (Kawakubo et al. 1997, Lai et al. 1996, Ohta
et al. 2000), whereas others suggest a contrary view (Higashiyama et al. 1992
and Tomita et al. 2001b). Nm23-H1 expression might, however, be associated
with micro-metastasis in the lung cancer and low expression of Nm23-HI may
be associated with distant metastasis and a poor 5 years survival score (Ayabe
et al. 2004).
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Anal Canal Carcinoma

Most anal canal carcinomas come from the squamous cells where growth start off
as a benign pre-cancerous condition but over time can develop into a more seri-
ous malignant condition. In anal canal carcinoma, significant association has been
reported between Nm23-H1 and the depth of lesion invasion and also with the
lymph node involvement. However, Nm23-H1 has rarely been detected in cases
with metastatic lesions (Indinnimeo et al. 1999).

Oral Cancer

Increased Nm23-H1 expression is associated with low lymph node metastasis at
an early T stage (Wang et al. 2004). Low levels of Nm23-H1 expression in oral
squamous cell carcinoma indicate a poor survival outcome of patients (Wang
et al. 2008).

Astrocytoma

Astrocytoma is the tumor of astrocytes which are star-shaped cells of the central
nervous system. Astrocytoma is a major type of brain tumors in the childhood.
Nm?23-H1 has not been detected in most astrocytomas including high- or low-grade
astrocytoma cultures (Kimberly 1998).

Glioma

The gliomas are the most common primary tumors of the central nervous sys-
tem. About 77% of the malignant brain tumors are gliomas. Though Nm23-HI is
detected in the gliomas, it does not correlate with the malignancy state or invasive-
ness (Nasser et al. 2006). No significant correlations are seen between Nm23-H1
expression and the pathological grade of tumor (Nasser et al. 2006). The endoge-
nous Nm23-H1 expression in gliomas has been found to be inversely correlated
with their migratory abilities in one study (Jung et al. 2006). Interestingly little or
no Nm23 expression was observed in the adjacent non-tumorous cerebral tissues.
This suggests that high levels of Nm23 expression might correlate with extraneural
metastatic potential in astrocytic neoplasms (Nawashiro et al. 1996).

Neuroblastoma

Neuroblastoma commonly occurs in infants and young children. It is rarely found
in children older than 10 years. Regional (state III) and metastatic (stage IV) child-
hood neuroblastomas show elevated Nm23 RNA levels as compared to localized
tumors. Elevated Nm23 RNA levels were also associated with significant reduction
in patient survival rate (Leone et al. 1993b). The most frequent genetic abnormality
detected in neuroblastomas is the gain of chromosome 17q which is correlated with
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N-myc amplification (Bown et al. 1999). The Nm23 genes are located at the edge
of the common region of chromosome 17q and the expression of Nm23-H1 and
Nm?23-H2 is increased by this gain of 17q in neuroblastoma (Godfried et al. 2002).

Bladder and Renal Cancer

Urothelial carcinoma is the most common and accounts for more than 90% of all
bladder cancers. Squamous cell carcinomas are about 4% of bladder carcinomas
followed by adenocarcinomas. Nearly all squamous cell carcinomas and adenocar-
cinomas of the bladder carcinomas are invasive. There are contrasting results with
studies regarding the association of Nm23 expression and metastasis of these can-
cers. Some studies have shown that reduced or low levels of Nm23-H1 significantly
correlate with the occurrence of tumor metastasis or poor patient survival (Chow
et al. 2000), while other studies showed that reduced Nm23 mRNA levels are not
associated with the metastatic status of either bladder or renal cancer (Kanayama
et al. 1994). Moreover, in vitro studies also show that there is no difference of
Nm?23-H1 protein levels between human bladder cancer cell line T24 and its more
aggressive lineage-related variant, T24T (Seraj et al. 2000).

Leukemia

Nm23-H1 is expressed on the cell surface of myeloid leukemia cell lines but not on
lymphoid cell lines, while Nm23-H2 is only expressed on erythroleukemia cell lines
(Okabe-Kado et al. 2002). Surface expression of Nm23-H1 and Nm23-H2 proteins
is decreased during in vitro erythroid and granulocyte differentiation. The surface
expression of Nm23 proteins is related to cellular lineage and differentiation stage
of leukemia line cells (Okabe-Kado et al. 2002).

Lymphoma

The concentration of Nm23-HI is significantly higher in patients with malignant
lymphoma, especially in aggressive non-Hodgkin’s lymphoma (Niitsu et al. 1999).
The patients with aggressive non-Hodgkin’s lymphoma having higher Nm23-H1
levels have worse overall and progression-free survival rates than those with lower
Nm23-H1 levels (Niitsu et al. 2001). Epstein—Barr virus (EBV), a ubiquitous human
herpesvirus known to primarily infect B cells may also be a factor in Hodgkins and
Non-Hodgkins lymphoma. The EBV-infected lymphoblastoid cells which express
the critical nuclear antigens EBNA3C and EBNAI1 has an interaction and inter-
estingly induces translocation of Nm23-H1 to the nucleus (Murakami et al. 2005,
Subramanian, Cotter et al. 2001). The direct correlation between EBV antigen
linked to Nm23-H1 and invasiveness and metastasis of these lymphomas is still
to be resolved. However, studies in nude mice suggest a string correlation (Kaul
et al. 2007).
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Meningioma

The expression of Nm23-H1 protein is sex-dependent and detected on tumor pro-
gression in female, but not in male patients. RT-PCR results confirm that Nm23-H1
expression is higher in benign tumors than in their normal counterpart. Nm23-H1
may play an important role in the progression of meningiomas particularly in female
patients (Wang et al. 1997b).

Nasopharyngeal Carcinoma

Nasopharyngeal carcinoma (NPC) is an EBV-associated malignancy and is the most
common epithelial malignant neoplasm especially in Southern China. Nm23-H1
expression was shown to be related with tumor progression in nasopharyngeal
carcinoma especially intracranial invasion (Liu et al. 2008). There is an inverse
correlation between Nm23-H1 expression and lymph node metastasis (Huang
et al. 2001).

Pancreatic Cancer

Nm?23 expression in human pancreatic cancer is positively associated with lymph
node metastasis or perineural invasion and with poor prognosis (Nakamori
et al. 1993). In contrast, early stage pancreatic cancer samples exhibit stronger
Nm23-H1 immunoreactivity than either the normal controls or advanced tumor
stages (Friess et al. 2001).

Colorectal Carcinoma

More than 95% of colorectal cancers are adenocarcinomas. The stage of a col-
orectal cancer depends on how deeply it invades into these layers. In some cases,
colorectal cancers of TNM (tumor, node, metastases) stage O-II showed high ratio
of Nm23-H1 and Nm23-H2 expressions. This suggests that Nm23-H1 and Nm23-
H2 expressions are linked to early stages of cancer. However, the loss of Nm23-H]1
expression is seen in more advanced TNM stages III and IV (Martinez et al. 1995).

Endometrial and Cervical Carcinoma

Endometrial and cervical carcinomas represent most common cancers of the female
genital tract. In cervical cancer and its precursor lesions, Nm23-H1 has been ana-
lyzed in a number of studies with conflicting results (Chen et al. 2001, Lee and
Gad 1998, Marone et al. 1996, Wang et al. 2003a). Regarding cervical intraepithe-
lial neoplasia (CIN) lesions, some studies have reported a definite inverse metastatic
effect for Nm23-H1 and the CIN grade (Lee and Gad 1998, Marone et al. 1996,
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Morimura et al. 1998), whereas other reports indicate increased Nm23-H1 expres-
sion with high-grade CIN (Wang et al. 2003a). No in vitro studies are available
on the possible interactions between HPV and the Nm23 gene family (Branca
et al. 2006). The high Nm23-H1 expression in cervical cancer cells induces their
proliferation resulting in the progression from low-grade stage to a higher grade
intraepithelial neoplasia with characteristics of invasive carcinoma involving deep
stromal invasion (Wang et al. 2003b), and lower rates of lymph node metastasis
and better prognosis (Yalcinkaya et al. 2006). Decreased Nm23-H1 expression is
markedly associated with progression from CIN2, to CIN3, and associated with poor
prognosis in cervical cancer. Therefore, downregulation of Nm23-H1 expression is
probably orchestrated by mechanisms independent of virus-encoding oncoproteins.
There is no evidence of direct interactions between HPV-coding oncoproteins and
Nm23-H1, and there is no plausible explanation linking this downregulation with
HR-HPV. However, Nm23-H1 seems to be a marker of progressive cervical cancer
(Branca et al. 20006).

Ewing Tumor

Ewing tumor, also known as Ewing’s sarcoma, is an aggressive bone tumor in chil-
dren. This is one of the tumors in which the Nm23-H1 expression level is high
(Aryee et al. 1995). When the metastasis is limited to the lung, the prognosis is
better as compared to bone marrow metastasis.

Gastric Cancer

The expression of the Nm23 gene in gastric carcinoma is significantly correlated
with aggressive tumor growth, tumor progression, and poor prognosis (Muller
et al. 1998, Nesi et al. 2001). About half (52%) of the gastric carcinoma samples
show reduction of Nm23-H1 immunoreactivity in the metastatic regional lymph
nodes, as compared to the primary tumor. Moreover, 71% of the gastric carci-
noma samples showed weaker Nm23-H1 expression in the liver metastasis than
in the primary tumor. These results suggest that the expression of Nm23-H1 is
linked with development and pathogenesis of gastric carcinomas, and the decrease
expression of Nm23 correlate tightly with metastasis (Nakayama et al. 1993, Yeung
et al. 1998).

Rheumatoid Arthritis

Up to 30-fold decreased expression of the Nm23-H1 is seen in 90% of rheumatoid
arthritis tissues (Dooley et al. 1996). There are three stages of RA progression and
in the early stage, the decreased expression of Nm23-H1 may be related to the local
invasiveness of the lesions (Dooley et al. 1996).
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Esophageal

There is an inverse correlation between Nm23-H1 expression and the lymphatic ves-
sel invasion in cases of esophageal cancer, whereas no correlation is seen between
Nm23-H1 expression and blood vessel invasion (Tomita et al. 2001a).

Testicular Seminoma

The immuno-histochemical expression of both the Nm23-H1 and Nm23-H2 gene
products is not associated with the metastatic status or the invasive status of
testicular seminoma (Hori et al. 1997).

Thyroid Carcinoma

The thyroid gland contains mainly two types of cells: thyroid follicular cells
and parafollicular cells. The patients with follicular carcinoma show a significant
inverse association between metastatic disease and the expression of Nm23-HI.
Significant differences are found in the survival curves according to Nm23-H1
immunoreactivity (Zafon et al. 2001).

Hepatocellular Carcinoma

There are some conflicting reports which involve the relationship between Nm23-
HI expression and the prognosis in hepatocellular carcinoma patients. The relation-
ship between Nm23-H1 expression (mRNA and protein) at primary sites and the
rate of intrahepatic metastases shows a significant inverse correlation with intrahep-
atic metastasis and TNM (tumor, node, metastases) stage. Patients with Nm23-H1
negative tumors or a low Nm23-H1 expression had a greater relative risk of death
compared with those with Nm23-H1 positive tumors (Nanashima et al. 2004). The
other studies also reported an inverse association between the expression of Nm23-
H1 and the metastatic potential (Boissan and Lacombe 2006). However, there are
some studies which could not identify any correlation between Nm23-H2 mRNA
abundance and intrahepatic metastasis (lizuka et al. 1995), or between the level of
Nm?23-H1 expression and the metastatic potential of hepatocellular carcinoma (Cui
et al. 2005, Lin et al. 1998, Shimada et al. 1998). Several in vitro studies have
shown an inverse relationship between Nm23-transfected metastatic hepatoma cells
and their metastatic potential (Fujimoto et al. 1998, Lin et al. 1995).

Ovarian Carcinoma

Strong expression of Nm23-HI is associated with decreased overall survival
and also significantly correlates with mortality in ovarian cancer patients (Youn
et al. 2008). The expression of Nm23 (mRNA and protein) negatively correlates
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with lymph node metastasis in ovarian carcinomas (Yi et al. 2003). Moreover, the
expression of Nm23-H1 also correlates closely with the reduced metastatic behavior
in experimental animals (Gao et al. 2004).

Prostate Carcinoma

There is no known correlation between Nm23-H1 expression and the metastatic
status with pathological parameters of primary prostate carcinomas (Prowatke
et al. 2007). However, primary tumors corresponding to the metastases show pos-
itive immunostaining for Nm23-H1 (Konishi et al. 1993). This is indicative of an
inverse relationship between Nm23-H1 expression and metastatic status.

Nm23 Functions and Biochemical Activities

NDP Kinase Activity

NDP kinases are a ubiquitous family of enzyme involved in the high energy trans-
fer necessary to produce nucleoside triphosphates pools at the expense of ATP.
Human NDP kinase 1 or Nm23-H1 removes the terminal phosphate from nucleoside
triphosphate to autophosphorylate its own histidine 118, then transfers the phos-
phate to NDP to recreate NTP (Fig. 11.2) (Wallet et al. 1990). Studies in drosophila
awd gene, a homolog of human Nm?23, have shown that NDP kinase activity of
the protein is necessary for its biological function but is not sufficient for its full
functionality (Xu et al. 1996). The histidine 118-mutated Nm23-H1 protein lack-
ing NDPK activity displays decreased invasiveness and colonization in soft agar
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suggesting that the metastasis-suppressing function of Nm23-H1 is independent of
the NDPK enzymatic activity (Lee and Lee 1999). Nm23-H1 and Nm23-H2 can be
phosphorylated on S122 by casein kinase II and affect their NDPK activity (Biondi
et al. 1996). Nm23 proteins can also phosphorylate geranyl and farnesyl pyrophos-
phates to give triphosphates which could alter isoprenoid metabolism (Wagner and
Vu 2000). Moreover, Nm23-H1 interacts with and phosphorylates the kinase sup-
pressor of Ras, which is a putative scaffold protein for the MAPK pathway, via a
histidine-dependent pathway (Hartsough et al. 2002). The regulation of the myosin
light chain phosphorylation by Nm23-H1 has been demonstrated as having a poten-
tial role in cell migration (Suzuki et al. 2004). The most important roles for NDP
kinase is to provide NTPs for nucleic acid synthesis and to the cytosol (Lacombe
et al. 2000). Numerous reports suggest that NDP kinase activity may also provide
phosphorylation energy to cytosolic structures, such as the translation apparatus
(Sastre-Garau et al. 1992, Sonnemann and Mutzel 1995), G-proteins, microtubules
(Biggs et al. 1990, Pinon et al. 1999), and chaperons (Leung and Hightower 1997).
However, the evidence for such i‘nteractions has generally been controversial and
further work is needed.

DNase Activity

Studies from the Lieberman laboratory has shown that Nm23-H1 has a DNA-
nicking activity. It can act as a granzyme A-activated DNase which can be activated
during cytotoxic T lymphocyte (CTL)-mediated apoptosis. This results in translo-
cation of Nm23-H1 to nucleus where it acts as a DNase to nick chromosomal DNA
(Fan et al. 2003). It is therefore believed that loss of Nm23-H1 expression in tumors
can allow for resistance of the tumors to immune surveillance by CTL and natural
killer (NK) cells. Nm23-H1 has also been shown to have a 3’-5’ exonuclease activ-
ity by virtue of its ability to excise single nucleotides in a stepwise manner from
the 3’ terminus of DNA (Ma et al. 2004). In addition, Nm23-H5, Nm23-H7, and
Nm?23-H8 also contain 3’-5’ exonuclease activity (Yoon et al. 2005).This activity
is believed to play an important role in DNA repair and represents a plausible can-
didate mediator of the metastasis suppressor properties of the Nm23-H1 molecule
(Kaetzel et al. 2006).

Protein Kinase or Phosphotransferase Activity

Other than DNA-binding and NDPK activities, Nm23 proteins are also capa-
ble of transferring a phosphate group to other proteins specifically on serine
and threonine residues (Engel et al. 1995). Nm23-H1 can also transfer phos-
phate from its catalytic histidine to histidine or aspartate or glutamate residues
on membrane proteins. However, the transfer of phosphate from Nm23-H1 to
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aspartates or glutamates on other proteins like aldolase A and C correlates bet-
ter with the suppression of motility than does the transfer to histidines (Wagner
et al. 1997). The Nm23-H1 protein mutated at positions 96 and 120 has very
little of phosphotransferase activity (Wagner and Vu 2000). The purified native
Nm?23-H1 protein does not phosphorylate other proteins because Nm23-H1 requires
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a binding partner to acti-
vate its phosphotransferase function (Engel et al. 1998). Nm23-H1 is also associated
with AMP-activated protein kinase complex that responds to cellular energy sta-
tus by switching off ATP-consuming pathways and switching on ATP-generating
pathways when ATP is limiting (Crawford et al. 2005). The attempts to iden-
tify other physiologically relevant substrates of Nm23 phosphotransferase activity
have not been successful. This is probably because of their being present in
low concentrations (Wagner and Vu 2000). The phosphotransferase activity of
Nm23 proteins may provide an alternate mechanism by which they can affect
metastasis.

Interaction of Nm23 with Cellular Antigens

Association with Structural Proteins

For cancer cells to migrate and metastasize, it must first detach itself from the neigh-
boring cells and the intercellular material to which it is anchored. The process
involves changes in the cellular internal skeleton and associated structural pro-
teins. The association of Nm23 proteins with structural proteins has been studied
in context of several different human cancers. Nm23-H1 plays a role in inhibition
of cell migration by regulating the phosphorylation of myosin light chain (Suzuki
et al. 2004). DR-Nm23 gene expression is associated with increased expression of
vimentin, collagen type IV, and integrin in cells characterized by increased dif-
ferentiation in neuroblastoma (Amendola et al. 1997). Impairment of Nm23-H]1
expression is an early event in the progression of colorectal metastasis that pre-
cedes E-cadherin transcriptional silencing in the majority of sporadic colorectal
carcinomas (Garinis et al. 2003). Nm23-H1 also correlates negatively with matrix
metalloproteinase-2 expression (Ohba et al. 2005). RpS3 which is a component of
the 40S ribosomal subunit of eukaryotes interacts with Nm23-H1 and reduces matrix
metalloproteinase-9 (MMP-9) expression resulting in reduction of invasive potential
of cells (Kim and Kim 2006). EBV nuclear antigen EBNA3C can modulate Nm23-
H1 activity leading to upregulation of expression of MMP-9 (Kuppers et al. 2005).
Nm?23-beta which is a murine homolog of human Nm23-H1 is known to inhibit
transcription of MMP-2 by interference with transactivator Y-box protein-1 (Cheng
et al. 2002). However, Nm23-H]1 has also been shown to inhibit the invasive activity
of oral squamous cell carcinoma by suppression of cell motility without altering the
MMP-2 and MMP-9 status (Khan et al. 2001).
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Nm23 Association with Cellular Enzymes

The association of Nm?23 proteins with other cellular proteins depends on the cell
type and the state of differentiation. In hepatocellular carcinoma the expression of
Nm23-H1 has been found to be associated with the enzyme heparanase in rela-
tion to metastasis and recurrence of hepatocellular carcinoma (Duenas-Gonzalez
et al. 1996). In pancreatic beta cells the mitochondrial isoform of Nm23 Nm23-
H4 complexes with mitochondrial succinyl-CoA synthetase (Kowluru et al. 2002).
In human fibroblasts, Nm23-H1 interacts with Aurora-A which is a centrosome-
associated kinase and both localize at the centrosome throughout the cell cycle
irrespective of the integrity of the microtubule network in normal human fibroblasts
(Du and Hannon 2002). Cellular methylation imbalance is known to be associated
with tumor progression. S-Adenosylhomocysteine, which is an inhibitor of cellu-
lar methyltransferases, has been found to be highly correlated to the expression
of Nm23-H1 and may play an important role in inhibition of metastasis through
DNA hypomethylation (Yang and Hu 2006). Recently, Nm23-H1 has been shown
to interact with Dbl-1, a proto-oncogene, and blocks its ability to function as a guani-
dine exchange factor for a critical Rho-GTPase family member Cdc42 (Murakami
et al. 2008a). Furthermore, Nm23-H1 directly interacts with Cdc42 and the pleck-
strin homology domain of oncoprotein Dbl-1. This results in suppression of cell
migration (Fig. 11.3) (Murakami et al. 2008b).

Association with Transcriptional and Growth Factors

Nm23-H1 can be referred to as a master transcriptional regulator that regulates dif-
ferent signaling pathways involved in tumorigenesis and invasiveness of cancer.
Numerous studied have shown its association with other transcriptional as well
as growth factors. Nm23-H1 interacts directly with pS3 and positively regulates
its function through the stimulation of the nuclear translocation of p53, including
pS53-induced apoptosis and cell cycle arrest (Jung et al. 2007). However, no correla-
tion has been found between Nm23-H1 and p53 expression levels in breast cancer
tissue (Huang et al. 2004). Vascular endothelial growth factor (VEGF) expression
is inversely correlated with Nm23-H1 expression in young breast cancer patients;
however, no significant correlation of VEGF and Nm?23-H1 expressions exists with
differentiation of the tumor (Huang et al. 2004). Nm23-H1 interacts with the estro-
gen receptor alpha and alters the expression of estrogen-responsive genes (Curtis
et al. 2007). Nm23-H2 has been shown to be involved in activation of the c-MYC
gene. The mechanism of activation seems to involve binding of Nm23 to DNA
although there is no definite proof of a direct DNA-Nm23-H1 binding in vivo
(Postel et al. 2000). Interestingly, c-MYC is also known to upregulate Nm23-H]1
and Nm23-H2 (Godfried et al. 2002, Schuhmacher et al. 2001). The C-terminal half
of both Nm23-H1 and Nm23-H2 exhibits strong transactivation activities whereas
the full-length Nm23-H1 and its N-terminal do not (Chae et al. 1998). The ErbB2
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Fig. 11.3 This schematic shows the related Nm23-H1 associations and their effect on cell signal-
ing. In a high motility cell environment, several stimulations such as oncoproteins activate small
GTPase proteins. They induce a variety of biological processes including membrane trafficking,
translation regulation, transcription activation, DNA synthesis, and cytoskeleton reorganization.
A response to stimulation from growth factor receptor also induces kinase suppressor of Ras
(Ksr), a scaffold protein for the mitogen-activated protein kinase (MAPK) cascade. MAPK acti-
vates several transcription factors. The signal from TGF-beta also shows many transactivation by
translocation of Smad2/3 to the nucleus. Cell survival related to p53-dependent apoptosis signal
accumulated FAK and p53. Shuttling of p53 from the cytoplasm to nucleus is linked to ubiqui-
tination and degradation by a complex of Mdm2 and FAK. Nm23-H1 interacts with numerous
cellular proteins and these interactions show anti-metastatic-related regulation by inhibition of
the kinase activities which include reduced phosphorylation of MAPK, Cdc42, Tiam1, and FAK.
However, interaction with h-prune showed induction of cell migration by rescue GSK3-beta activ-
ity on the beta-catenin. Moreover Nm23-H1 shows stabilization of Smad7 by interacting with
STRAP. Stabilized Smad7 inhibits activation of Smad2/3. Nm23-H1 or STRAP or both can dis-
rupt p53-Mdm?2 complex which allows for p53 will induced apoptosis. Cytotoxic T lymphocyte
release granzyme A, B, and perforin which results in killing of abnormal cells. Perforin forms
pores in the membrane of the target cell and granzymes enter the target cell from these pores.
Once inside, granzyme A activates DNA-nicking ability of Nm23-H1 by releasing it from the
SET complex

gene which is involved in growth regulation and has a role in the initial phases
of cell proliferation show a tight association between regulation of its expression by
serum factors and Nm23-H1 (Tommasi et al. 2003). Nm23-H1 is also downregulated
with another tumor suppressor protein PTEN (phosphatase and tensin homolog) and
metastasis suppressor protein KAI-1 specifically in non-small cell lung carcinomas
(Goncharuk et al. 2004). The positive expression of sialylated carbohydrate anti-
gens and the reduced expression of Nm23-H1 gene are significantly associated with
lymph node involvement in cases of breast cancer indicating their association in the
metastatic processes in human breast cancer (Ding and Wu 2004).
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Nm23- and DNA-Binding Activities

Although there is no definite evidence of a direct DNA-Nm23-H1 binding in vivo
(Postel et al. 2000), the method of in vivo cross-linking followed by ChIP has
been used to identify the DNA sequences that may interact with Nm23. The results
showed that Nm23-h1 associates with or is in close proximity of the promoters
of platelet-derived growth factor A, c-myc, myeloperoxidase, CD11b, p53, WT1,
CCRS, ING1, and Nm23-H1 genes (Cervoni et al. 2006). Interestingly, TRF1, which
is a telomeric-binding protein, interacts with Nm23-H2 resulting in an increase
in affinity of telomerase for its substrate (Nosaka et al. 1998). Since Nm23-H2 is
known to bind DNA and also forms a hetero-hexameric complex with Nm23-H1, it
is possible that interaction of Nm23-H1 with DNA may be indirectly linked to some
of its functions.

Nm23 Association with Viral Proteins

The first demonstration of a specific interaction between Nm23-H1 and any viral
oncoprotein was with the EBV latent antigen EBNA3C (Subramanian et al. 2001).
Subsequent studies have showed that Nm23-H1 may have intrinsic transcription
activities in EBV-infected cells which can be modulated in the presence of the
essential EBV latent antigen EBNA3C (Subramanian and Robertson 2002). EBV
latent antigen EBNAT also associates with Nm23-H1, and these antigens can induce
Nm?23-H1 translocation to nucleus. These viral antigens also rescue the cells from
Nm23-H1-mediated suppression of cell migration (Murakami et al. 2005). Further
EBNA3C and Nm23-HI1 can also cooperate to regulate expression of different pro-
teins including matrix metalloproteinase-9 which is involved in degradation of all
components of the basement membrane (Kuppers et al. 2005), and alpha V inte-
grin which is one of the major signaling pathway proteins in cancer development
and progression (Choudhuri et al. 2006). Nm23-H1 also regulates the expression
of COX-2, a mediator of inflammation which is a key molecule in prostaglandin
synthase pathway (Kaul et al. 2006). The down regulation of Nm23-H1 in cervical
cancers has not been shown to be associated with human papilloma virus oncopro-
teins in vivo (Branca et al. 2006), however, E7 protein of HPV-16 has been shown to
interact with Nm23-H1 as well as Nm23-H2 resulting in their functional inactivation
in vitro (Mileo et al. 2006).

Regulation of Nm23 Expression

Methylation of DNA promoters is an important mechanism for gene regulation.
There are two CpG islands present in the promoter of Nm23-H1 and studies have
shown that DNA methylation inhibitors can directly or indirectly cause both ele-
vation of Nm23-H1 expression and decrease in cellular motility which can affect
the metastatic potential (Hartsough et al. 2001). Three transcription factor-binding
sites including MAF/Ets, CTF/NF1 half site, and the ACAAAG enhancer have
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been identified located within the Nm23-H1 gene promoter (Ouatas et al. 2002).
A functional negative thyroid hormone response element is present in the pro-
moter region of the Nm23-H1 gene, and indeed expression of Nm23-H1 is inhibited
by thyroid hormone T3 (Lin et al. 2000). The Nm23-H1 gene contains a puta-
tive p53-binding site approximately 5 kb upstream of the transcription start site
(Rahman-Roblick et al. 2007). Also, p5S3 was shown to regulate the expression
of Nm23-H1 at protein and mRNA levels although the effect is cell type depen-
dent (Chen et al. 2003a). The stimulation by Vitamin D3, a known differentiative
agent and modulator of normal and malignant cell proliferation, decreases Nm23-
HI and Nm23-H2 expression in the monocytes (Caligo et al. 1996). The effect is
probably at the transcription level as Vitamin D3 is known to act by inhibiting
transcription of other genes such as c-myc (Simpson et al. 1987). The expression
of Nm23-H1 has been shown to be reduced by tumor necrosis factor-alpha and
interferon-gamma (Parhar et al. 1995). Amplification and overexpression of PRUNE
has also been suggested as a mechanism for inhibition of Nm23-H1 activity (Forus
et al. 2001).

The upregulation of Nm23-H1 has been found to be associated with other intra
and extracellular factors. For example, the cellular proto-oncogene c-myc can upreg-
ulate Nm23-H1 and Nm23-H2 expressions (Godfried et al. 2002). The expression
of Nm23-H1 mRNA is upregulated by all-trans retinoic acid and downregulated
by treatment with epidermal growth factor (Liu et al. 2000). The non-specific
cyclo-oxygenase inhibitor indomethacin also elevates Nm23-H1 expression in
breast cancer cells (Natarajan et al. 2002). The glucocorticoids dexamethasone
and medroxyprogesterone acetate elevate Nm23-H1 expression in human breast
carcinoma cells (Ouatas et al. 2003a). The effect of medroxyprogesterone acetate
on Nm23-H1 expression has also been validated in pulmonary metastasis in vivo
(Palmieri et al. 2005). The carotenoid lycopene, which is known to inhibit metas-
tasis, upregulates Nm23-H1 both at mRNA and protein levels in hepatocarcinoma
cells (Huang et al. 2005). Keratinocyte growth factor which is an important regulator
of epidermal homeostasis and repair has been identified as a regulator of Nm23-H1
gene and subsequent studies have suggested Nm23-H1 to be one of the regulators
of epidermal homeostasis (Braun et al. 2007). Human PRUNE gene, a member of
DHH phosphoesterase family which is highly expressed in dorsal root ganglia and in
the ganglia of cranial nerves, interacts with Nm23-H1 protein and is a negative reg-
ulator of the Nm23-H1 protein (Fig. 11.3) (Reymond et al. 1999). Recently, it was
reported that phosphorylation of Nm23-H1 by casein kinase I induces its complex
formation with h-prune (Garzia et al. 2006, 2008).

Nm23 Regulates the Expression and Activity
of Other Cellular Factors

Nm23 proteins exert their effect either by regulating the expression of other pro-
teins at transcriptional levels or by modifying their functions through regulation
of post-translational modifications. N-acetylglucosaminyltransferase V also known
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as GnT-V is a key enzyme in the processing of multiantennary N-glycans during
the synthesis of glycoproteins. It is associated with alterations in cell surface gly-
coproteins commonly associated with changes in growth, adhesion, and migration
of cells. The overexpression of Nm23-H1 downregulates the transcription as well
as the functional activity of GnT-V (Guo et al. 2000). Nm23-H1 modulates the
expression of the Rb2/p130 gene by stimulating its promoter in neuronal cells and
also modulates their function by promoting phosphorylation of these proteins mak-
ing them active as negative regulators of cell cycle (Lombardi et al. 2001). Nm23
recognizes nuclease-hypersensitive elements as substrates for DNA cleavage in the
promoter of platelet-derived growth factor (Ma et al. 2002). The inhibitory inter-
action of Nm23-H1 and Nm23-H2 with PDGF promoter has been suggested as
a possible mechanism for biological actions of Nm23-H1 as PDGF is a protein
implicated in both tumorigenesis and metastasis. In fact initially Nm23-H2 was
identified as a sequence-specific DNA-binding protein with affinity for a nuclease-
hypersensitive element of the c-MYC gene promoter (Postel et al. 1993). This may
be another mechanism by which the Nm23 family of proteins can regulate other
cellular targets. The altered expression level of Nm23-H1 in breast cancer cells
influences the binding properties, stability, and function of the Ksrl (kinase sup-
pressor of ras 1) which is a scaffold protein (Salerno et al. 2005). Nm23-H2 binds
to and negatively regulates the Lbc proto-oncogene which is a transforming gene
in leukemic cells (Iwashita et al. 2004). Interestingly, Nm23-H1 suppresses tumor
cell motility by downregulating the lysophosphatidic acid receptor EDG2, and this
downregulation of the EDG2 receptor is critical for suppression of cell motility
(Horak et al. 2007a). Nm23-H1 increases expression of beta-Catenin, E-Cadherin
and TIMP-1 and decreases the expression of MMP-2, CD44v6, and VEGF in human
non-small lung cancer cell (Che et al. 2006).

Nm23-Regulated Signaling Pathways

Studies on the interaction of Nm23-H1 and the kinase suppressor of Ras have
shown that Nm23-H1 can phosphorylate kinase suppressor of Ras, which is
an important scaffold molecule in MAPK signaling (Hartsough et al. 2002).
Nm?23-H1 gene might inhibit the invasion and metastasis of lung cancer cells
by downregulating PKC signaling pathway (Nie et al. 2006). Nm23-H1 phys-
ically interacts with serine—threonine kinase receptor-associated protein and the
association results in modification of biochemical activities of Nm23-H1 includ-
ing autophosphorylation, phosphotransferase, and NDP kinase activities. This also
affects STRAP (serine—threonine kinase receptor-associated protein)-induced inhi-
bition of TGF-beta-pathway-mediated apoptosis and growth inhibition (Seong
et al. 2007). Nm23-H1 and STRAP are also important in the regulation of a
pS53-induced signaling pathway and act as positive regulators of p53 activity by
dissociating Mdm2 which is a known negative regulator of p53 (Fig. 11.3) (Jung
et al. 2007).
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Nm23 and Tumorigenicity

A widely accepted definition of a metastasis suppressor gene states that such a gene
when expressed can inhibit the spread of cancer cells to secondary sites without
affecting tumorigenicity (Lombardi 2006). Re-expression of a metastasis suppres-
sor gene in a metastatic tumor cell line results in a significant reduction in metastatic
behavior with no effect on tumorigenicity (Steeg et al. 2003). Nm23-H1, however,
has also been shown to affect the growth rate of EBV latent proteins expressing
cancer cells in addition to suppressing their metastasis potential (Kaul et al. 2006).
Since Nm23-H1 does not appear to affect growth of tumors on its own (Tseng
etal. 2001), it is possible that interaction with viral proteins can play role in affecting
the tumorigenicity potential of Nm23-H1.

Nm?23 Effects on Cell Growth and Differentiation

Nm23-H1 protein level has been associated with increasing levels of prolifer-
ating cell nuclear antigen (PCNA) expression in human prostate cancer (Igawa
et al. 1996). Since PCNA was originally identified as an antigen that is expressed
in the nuclei of cells during the DNA synthesis phase of the cell cycle, this obser-
vation points to a link between Nm23-H1 and cell growth. In fact, overexpression
of Nm23-H1 in human breast carcinoma cells leads to the formation of basement
membrane and growth arrest suggesting its role in mammary development and
differentiation (Howlett et al. 1994). On other hand, murine homolog of Nm23-
H2 has been identified as a differentiation-inhibiting factor or I-factor in mouse
myeloid leukemia cells (Okabe-Kado et al. 1995a), which is also capable of inhibit-
ing erythroid differentiation of human leukemic cells (Okabe-Kado et al. 1995a).
The differentiation inhibitory activity of Nm23 protein is independent of its enzyme
activity and requires the presence of N-terminal peptides (Okabe-Kado et al. 1995b).
Increased expression of DR-Nm23 also known as Nm23-H3 contributes to differen-
tiation arrest and suppresses granulocyte differentiation of myeloid precursor cells
(Venturelli et al. 1995). Moreover, the nucleoside diphosphate kinase activity of DR-
Nm?23 is also not required for inhibition of differentiation and induction of apoptosis
in myeloid precursor cells (Venturelli et al. 2000). Nm23-HI1 is involved in inhibi-
tion of progesterone-induced oocyte maturation and growth through regulation of
MAPK cascade (Kim et al. 2000).

The amount of Nm23-H]1 protein is known to vary during the induced differen-
tiation of leukemia cell lines suggesting that Nm23-H1 plays an important role to
maintain the proliferation of immature leukemic cells and may also play a role in
the early stages of their differentiation (Yamashiro et al. 1994). The bone marrow
progenitors of blood cells contain the highest intracellular levels of both Nm23-H1
and Nm23-H2 followed by lower levels in more mature bone marrow cells, whereas
peripheral blood leukocytes had the lowest expression of Nm23-H1. This suggests
a function of Nm23-H1 in early hematopoiesis and its downregulation upon dif-
ferentiation (Willems et al. 1998). Nm23-H1 also modulates the expression of the
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Rb2/p130 gene which is a known negative regulator of cell cycle progression also
implicated in the maintenance of the differentiated state (Lombardi et al. 2001). It
has also been shown that the levels of extracellular Nm23-H1 protein in plasma have
a modulating effect on the terminal stages of normal hematopoietic differentiation
(Willems et al. 2002). Therefore, the fairly high concentrations of Nm23 constitu-
tively present in plasma could have a physiologic role in supporting erythropoiesis
and inhibiting excessive macrophage formation. These point to a likely function of
Nm23 proteins related to cell growth and differentiation which may be dependent
on cell type independent of other functions associated with Nm23-H1.

Nm23-H1- and Apoptosis-Related Activities

Nm23 family members have a common NDPK activity which is important for cell
proliferation (Keim et al. 1992), development (Biggs et al. 1990), and differenti-
ation (Willems et al. 1998). DR-Nm23, one of the Nm23 family member, when
transfected to several neuroblastoma cell lines showed growth arrest and increased
expression of vimentin, collagen type IV, and integrin-betal (Amendola et al. 1997).
The study using myeloid precursor 32Dc13 cell line, in which DR-Nm?23 was trans-
fected, showed that DR-Nm23 contributes to differentiation arrest and induces an
apoptosis in myeloid cell (Venturelli et al. 1995). However, the exact mechanism
remains unclear. Necrosis is unprogramed cell death which is caused by atypical
body conditions including infection and cancer. Apoptosis is programmed cell death
that can occur through two principal signaling pathways. The intrinsic pathway is
triggered by the p53 tumor suppressor in response to several cell stresses, such as
DNA damage. The extrinsic pathway is triggered by activation of pro-apoptotic
receptors which is independent of p53. However, both pathways merge at the acti-
vation point of caspase 3, 6, and 7. The granzymes which induce apoptosis are
serine protease and are most abundant in CTL and NK cells. Granzyme A induces
caspase-independent pathway of apoptosis, although DNA is damaged (Beresford
et al. 1999, Shresta et al. 1999). Granzyme B triggers apoptosis through caspase-
dependent and independent pathways which involve direct cleavage of downstream
caspase substrates (Sarin et al. 1997). If target cells are resistant to granzyme B or
caspases, these cells are typically susceptible to granzymeA (Beresford et al. 1999).
Nm?23-H1 has been identified as granzyme A-activated DNase (GAAD) and its spe-
cific inhibitor (IGAAD) is SET. Nm23-H1 binds to SET and is released by granzyme
A cleavage of SET, removing the inhibitor (Fan et al. 2003). Then Nm23-H1 moves
to the nucleus where it can nick DNA (Fig. 11.3) (Fan et al. 2003). The 3'-5'
exonuclease TREX1 binds to SET and NM23-H1 works with TREX1 in concert
to degrade DNA (Chowdhury et al. 2006). Silencing Nm23-H1 or TREX1 inhibits
DNA damage and death of cells (Chowdhury et al. 2006). Since cells with silenced
Nm23-H1 are less sensitive to GzmA-induced cell death, the loss of Nm23-H1
expression in tumors may provide some resistance to immune surveillance by CTL
and NK cells as well as promote their growth.
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Nm23 and Tumor Metastasis

The Nm23 genes were discovered on the basis of their reduced expression in highly
metastatic cell lines. Several studies have demonstrated the suppressive effect of
Nm23 overexpression on the metastatic aggressiveness of melanoma and breast
carcinoma cells in vivo (Howlett et al. 1994, Leone et al. 1993a). It was initially
hypothesized that the mechanism of action of Nm23 in metastasis suppression
involves diminished signal transduction downstream of a nuclear hormone recep-
tor (Ouatas et al. 2003b). Importantly, the histidine protein kinase activity of Nm23
underlies its suppression of metastasis function. Mutational analyses of Nm23-H1
have shown that substitution mutants P96S and S120G do not inhibit motility and
invasion. Transfection of Nm23-HI1 into the human MDA-MB-435 breast carcinoma
cell lines suppresses the metastatic potential of these cells (Leone et al. 1993a). The
levels of Nm23-H1 in cell lines and xenografts also show an inverse correlation with
their metastatic potential in nude mice. Although Nm23-H2 was initially suspected
to not be involved in metastasis suppression, subsequent studies suggested that both
Nm23-H1 and Nm23-H2 can suppress metastasis (Baba et al. 1995). Decreased
expression of Nm23-H2 gene homolog is in fact associated with metastatic poten-
tial of rat mammary—adenocarcinoma cells (Fukuda et al. 1996). Studies in human
breast cancer patients have also shown that high levels of Nm23 are associated with
excellent survival probabilities (Heimann et al. 1998). However, the Nm23 expres-
sion cannot predict outcome in lymph node negative breast carcinoma patients
(Russell et al. 1997). Nm23-H1 loss of heterozygocity is also related to the metasta-
sis potential of hepatocellular carcinoma and can help to predict recurrence and
metastasis (Ye et al. 1998). However Nm23 appears to be a suppressor of sys-
temic, but not lymphatic, metastasis in primary non-small cell lung cancer (Graham
et al. 2002). Nm23-H1 plays more important role in switching the initial metastases
formation than in influencing the later metastases spread, as the negative expressions
of Nm23-H1 in solid tumors of oral squamous cell carcinoma induce the forma-
tion of high metastatic cellular subpopulations (Yang et al. 2003). Human prune
is a phosphoesterase DHH family appertaining protein which has cyclic nucleotide
phosphodiesterase activity. Nm23-H1 interacts with human prune and this interac-
tion has also been associated with incidence of higher metastasis in breast cancer
cases (Fig. 11.3) (D’ Angelo et al. 2004). Further the phosphorylation of Nm23-H1
by casein kinase I induces its complex formation with h-prune and promotes cell
motility (Garzia et al. 2008).

Nm?23-Hl may also act as metastasis promoter in certain tumor types.
Overexpression of Nm23-H1 have been found in 14-30% of advanced neu-
roblastomas, and studies have confirmed that Nm23-H1 does not behave as a
metastasis suppressor in human neuroblastomas derived from NB69 cells (Almgren
et al. 2004). Also several studies have found that overexpression of Nm23-H1 pro-
tein may indicate poor survival for cervical cancer patients (Chen et al. 2001, Wang
et al. 2003b). Cancer cells overexpressing Nm23 are more sensitive to the alkylat-
ing agent cisplatin resulting in more pronounced inhibition of pulmonary metastasis
whereas reduced expression of intracellular Nm23-H1 is associated with cisplatin
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resistance via the prevention of both nuclear and mitochondrial DNA damages
(Ferguson et al. 1996, lizuka et al. 2000). Nm23-H1 also suppresses the metastatic
potential of prostate carcinoma cells (Lim et al. 1998). Nm23 genes may affect sup-
pression of metastasis through phospholipid-mediated signaling resulting in higher
levels of phosphodiester compounds relative to phosphomonoester compounds and
also cellular pH regulation (Bhujwalla et al. 1999). Downregulation of lysophos-
phatidic acid receptor EDG2 by Nm23-H1 is critical for motility suppression and is
important for the suppression of in vivo metastasis (Horak et al. 2007b). Nm23-H]1
can also exert its role in regulation of metastasis by its interaction or regulation
of intracytoplasmic cellular structural proteins. Nm23-R1, the murine homolog
of Nm23-H1 has been shown to associate with intermediate filaments (Roymans
et al. 2000). ARF6 which is a member of the ARF family of proteins recruits Nm23-
H1 and induces disassembly of adherens junctions thus facilitating endocytosis of
E-cadherin and down regulation of Racl activity and thus contributing to the reg-
ulation of migratory potential of cell (Palacios et al. 2002). Although Nm23-H1
expression is divergent in various malignant tumors, its reduced expression seems
to be related to increased metastatic potential in most cancer cell types.

Conclusions

Nm23-H1 is associated with tumor metastasis. Although the expression of Nm23-
H1 is variable in different malignant tumor types, most of the clinical and in vitro
data suggest that its overexpression is related to reduced metastatic potential in most
of the cancer cell types. Moreover, it is clear that the biological role of Nm23-H1
goes way beyond what are expected of a simple metastasis suppressor gene. Its
role in cell cycle progression and its recently discovered DNase activity along with
phosphotransferase activity that enables it to function as protein kinase have enabled
it to regulate a much wider range of downstream functions. Its association with viral
latent antigens resulting in modulations of its activities has added an entirely new
dimension to its biological significance in viral-related cancers.

References

Almgren, M. A., K. C. Henriksson, J. Fujimoto, and C. L. Chang (2004) Nucleoside diphosphate
kinase A/nm23-H1 promotes metastasis of NB69-derived human neuroblastoma. Mol Cancer
Res 2:387-94.

Amendola, R., R. Martinez, A. Negroni, D. Venturelli, B. Tanno, B. Calabretta, and G. Raschella
(1997) DR-nm23 gene expression in neuroblastoma cells: relationship to integrin expression,
adhesion characteristics, and differentiation. J Natl Cancer Inst 89:1300-10.

Aryee, D. N., T. Strobel, K. Kos, M. Salzer-Kuntschik, A. Zoubek, M. Veron, I. M. Ambros,
F. Traincart, H. Gadner, and H. Kovar (1995) High nm23-H1/NDPK-A expression in Ewing
tumors: paradoxical immunohistochemical reactivity and lack of prognostic significance. Int J
Cancer 64:104-11.

Ayabe, T., M. Tomita, Y. Matsuzaki, H. Ninomiya, M. Hara, T. Shimizu, M. Edagawa, T. Onitsuka,
and M. Hamada (2004) Micrometastasis and expression of nm23 messenger RNA of lymph



11  Nm23 as a Metastasis Inhibitor 259

nodes from lung cancer and the postoperative clinical outcome. Ann Thorac Cardiovasc Surg
10:152-9.

Baba, H., T. Urano, K. Okada, K. Furukawa, E. Nakayama, H. Tanaka, K. Iwasaki, and
H. Shiku (1995) Two isotypes of murine nm23/nucleoside diphosphate kinase, nm23-M1 and
nm23-M2, are involved in metastatic suppression of a murine melanoma line. Cancer Res 55:
1977-81.

Bafico, A., L. Varesco, L. De Benedetti, M. A. Caligo, V. Gismondi, S. Sciallero, H. Aste, G. B.
Ferrara, and G. Bevilacqua (1993) Genomic PCR-SSCP analysis of the metastasis associated
NM23-H1 (NMEI) gene: a study on colorectal cancer. Anticancer Res 13:2149-54.

Beresford, P. J., Z. Xia, A. H. Greenberg, and J. Lieberman (1999) Granzyme A loading induces
rapid cytolysis and a novel form of DNA damage independently of caspase activation.
Immunity 10:585-94.

Bhujwalla, Z. M., E. O. Aboagye, R. J. Gillies, V. P. Chacko, C. E. Mendola, and J. M. Backer
(1999) Nm23-transfected MDA-MB-435 human breast carcinoma cells form tumors with
altered phospholipid metabolism and pH: a 31P nuclear magnetic resonance study in vivo and
in vitro. Magn Reson Med 41:897-903.

Biggs, J., E. Hersperger, P. S. Steeg, L. A. Liotta, and A. Shearn (1990) A Drosophila gene that
is homologous to a mammalian gene associated with tumor metastasis codes for a nucleoside
diphosphate kinase. Cell 63:933—40.

Biondi, R. M., M. Engel, M. Sauane, C. Welter, O. G. Issinger, L. Jimenez de Asua, and S. Passeron
(1996) Inhibition of nucleoside diphosphate kinase activity by in vitro phosphorylation by pro-
tein kinase CK2. Differential phosphorylation of NDP kinases in HeLa cells in culture. FEBS
Lett 399:183-7.

Boissan, M. and M. L. Lacombe (2006) Nm23/NDP kinases in hepatocellular carcinoma.
J Bioenerg Biomembr 38:169-75.

Bosnar, M. H., K. Pavelic, R. Hrascan, Z. Zeljko, 1. Krhen, Z. Marekoyic, S. Krizanac, and
J. Pavelic (1997) Loss of heterozygosity of the nm23-H1 gene in human renal cell carcinomas.
J Cancer Res Clin Oncol 123:485-8.

Bosnar, M. H., J. De Gunzburg, R. Bago, L. Brecevic, I. Weber, and J. Pavelic (2004) Subcellular
localization of A and B Nm23/NDPK subunits. Exp Cell Res 298:275-84.

Bown, N., S. Cotterill, M. Lastowska, S. O’Neill, A. D. Pearson, D. Plantaz, M. Meddeb,
G. Danglot, C. Brinkschmidt, H. Christiansen, G. Laureys, F. Speleman, J. Nicholson, A.
Bernheim, D. R. Betts, J. Vandesompele, and N. Van Roy (1999) Gain of chromosome arm
17q and adverse outcome in patients with neuroblastoma. N Engl J Med 340:1954-61.

Branca, M., C. Giorgi, M. Ciotti, D. Santini, L. Di Bonito, S. Costa, A. Benedetto, D. Bonifacio,
P. Di Bonito, P. Paba, L. Accardi, L. Mariani, M. Ruutu, C. Favalli, and K. Syrjanen (2006)
Down-regulated nucleoside diphosphate kinase nm23-H1 expression is unrelated to high-risk
human papillomavirus but associated with progression of cervical intraepithelial neoplasia and
unfavourable prognosis in cervical cancer. J Clin Pathol 59:1044-51.

Braun, S., C. Mauch, P. Boukamp, and S. Werner (2007) Novel roles of NM23 proteins in skin
homeostasis, repair and disease. Oncogene 26:532-42.

Caligo, M. A., G. Cipollini, L. Fiore, S. Calvo, F. Basolo, P. Collecchi, F. Ciardiello, S. Pepe, M.
Petrini, and G. Bevilacqua (1995) NM23 gene expression correlates with cell growth rate and
S-phase. Int J Cancer 60:837-42.

Caligo, M. A., G. Cipollini, M. Petrini, P. Valentini, and G. Bevilacqua (1996) Down reg-
ulation of NM23.H1, NM23.H2 and c-myc genes during differentiation induced by 1,25
dihydroxyvitamin D3. Leuk Res 20:161-7.

Campo, E., R. Miquel, P. Jares, F. Bosch, M. Juan, A. Leone, J. Vives, A. Cardesa, and J. Yague
(1994) Prognostic significance of the loss of heterozygosity of Nm23-H1 and p53 genes in
human colorectal carcinomas. Cancer 73:2913-21.

Cervoni, L., L. Egistelli, M. Eufemi, A. S. d’Abusco, F. Altieri, I. Lascu, C. Turano, and
A. Giartosio (2006) DNA sequences acting as binding sites for NM23/NDPK proteins in
melanoma M14 cells. J Cell Biochem 98:421-8.



260 R. Kaul et al.

Chae, S. K., N. S. Lee, K. J. Lee, and E. Kim (1998) Transactivation potential of the C-terminus of
human Nm23-H1. FEBS Lett 423:235-8.

Chang, C. L., X. X. Zhu, D. H. Thoraval, D. Ungar, J. Rawwas, N. Hora, J. R. Strahler, S. M.
Hanash, and E. Radany (1994) Nm23-H1 mutation in neuroblastoma. Nature 370:335-6.

Chang, C. L., J. R. Strahler, D. H. Thoraval, M. G. Qian, R. Hinderer, and S. M. Hanash (1996)
A nucleoside diphosphate kinase A (nm23-H1) serine 120—>glycine substitution in advanced
stage neuroblastoma affects enzyme stability and alters protein-protein interaction. Oncogene
12:659-67.

Che, G., J. Chen, L. Liu, Y. Wang, L. Li, Y. Qin, and Q. Zhou (2006) Transfection of nm23-H1
increased expression of beta-Catenin, E-Cadherin and TIMP-1 and decreased the expression
of MMP-2, CD44v6 and VEGF and inhibited the metastatic potential of human non-small cell
lung cancer cell line L9981. Neoplasma 53:530-7.

Chen, H. C., L. Wang, and S. Banerjee (1994) Isolation and characterization of the promoter region
of human nm23-H1, a metastasis suppressor gene. Oncogene 9:2905-12.

Chen, H. Y., C. T. Hsu, W. C. Lin, H. D. Tsai, and W. C. Chang (2001) Prognostic value of nm23
expression in stage IB1 cervical carcinoma. Jpn J Clin Oncol 31:327-32.

Chen S. L., Y. S. Wu, H. Y. Shieh, C. C. Yen, J. J. Shen, and K. H. Lin (2003a) P53 is a regulator
of the metastasis suppressor gene Nm23-H1. Mol Carcinog 36:204—14.

Chen, Y., S. Gallois-Montbrun, B. Schneider, M. Veron, S. Morera, D. Deville-Bonne, and
J. Janin (2003b) Nucleotide binding to nucleoside diphosphate kinases: X-ray structure of
human NDPK-A in complex with ADP and comparison to protein kinases. J Mol Biol
332:915-26.

Cheng, S., M. A. Alfonso-Jaume, P. R. Mertens, and D. H. Lovett (2002) Tumour metastasis sup-
pressor, nm23-beta, inhibits gelatinase A transcription by interference with transactivator Y-box
protein-1 (YB-1). Biochem J 366:807-16.

Cho, S.J.,N. S. Lee, Y. S. Jung, H. Lee, K. J. Lee, E. Kim, and S. K. Chae (2001) Identification of
structural domains affecting transactivation potential of Nm23. Biochem Biophys Res Commun
289:738-43.

Choudhuri, T., S. C. Verma, K. Lan, and E. S. Robertson (2006) Expression of alpha V integrin is
modulated by Epstein-Barr virus nuclear antigen 3C and the metastasis suppressor Nm23-H1
through interaction with the GATA-1 and Sp1 transcription factors. Virology 351:58-72.

Chow, N. H., H. S. Liu, and S. H. Chan (2000) The role of nm23-HI in the progression of
transitional cell bladder cancer. Clin Cancer Res 6:3595-9.

Chowdhury, D., P. J. Beresford, P. Zhu, D. Zhang, J. S. Sung, B. Demple, F. W. Perrino, and
J. Lieberman (2006) The exonuclease TREX1 is in the SET complex and acts in concert with
NM23-H1 to degrade DNA during granzyme A-mediated cell death. Mol Cell 23:133-42.

Cipollini, G., A. Moretti, C. Ghimenti, P. Viacava, G. Bevilacqua, and M. A. Caligo (2000)
Mutational analysis of the NM23.H1 gene in human breast cancer. Cancer Genet Cytogenet
121:181-5.

Crawford, R. M., K. J. Treharne, O. G. Best, R. Muimo, C. E. Riemen, and A. Mehta (2005)
A novel physical and functional association between nucleoside diphosphate kinase A and
AMP-activated protein kinase alphal in liver and lung. Biochem J 392:201-9.

Cui, J., B. W. Dong, P. Liang, X. L. Yu, and D. J. Yu (2005) Construction and clinical significance
of a predictive system for prognosis of hepatocellular carcinoma. World J Gastroenterol 11:
3027-33.

Curtis, C. D., V. S. Likhite, I. X. McLeod, J. R. Yates, and A. M. Nardulli (2007) Interaction of
the tumor metastasis suppressor nonmetastatic protein 23 homologue H1 and estrogen receptor
alpha alters estrogen-responsive gene expression. Cancer Res 67:10600-7.

D’Angelo, A., L. Garzia, A. Andre, P. Carotenuto, V. Aglio, O. Guardiola, G. Arrigoni, A. Cossu,
G. Palmieri, L. Aravind, and M. Zollo (2004) Prune cAMP phosphodiesterase binds nm23-H1
and promotes cancer metastasis. Cancer Cell 5:137—49.

delaRosa, A., B. Mikhak, and P. S. Steeg (1996) Identification and characterization of the promoter
for the human metastasis suppressor gene nm23-H1. Arch Med Res 27: 395-401.



11  Nm23 as a Metastasis Inhibitor 261

Ding, K. F. and J. M. Wu (2004) [Expression of sialylated carbohydrate antigens and nm23-H1
gene in prognosis of breast cancer]. Zhejiang Da Xue Xue Bao Yi Xue Ban 33:326-30, 339.

Dooley, S., I. Herlitzka, R. Hanselmann, A. Ermis, W. Henn, K. Remberger, T. Hopf, and C.
Welter (1996) Constitutive expression of c-fos and c-jun, overexpression of ets-2, and reduced
expression of metastasis suppressor gene nm23-H1 in rheumatoid arthritis. Ann Rheum Dis
55:298-304.

Du, J. and G. J. Hannon (2002) The centrosomal kinase Aurora-A/STKI15 interacts with a putative
tumor suppressor NM23-H1. Nucleic Acids Res 30:5465-75.

Duenas-Gonzalez, A., M. M. Abad-Hernandez, J. Garcia-Mata, J. 1. Paz-Bouza, J. J. Cruz-
Hernandez, and R. Gonzalez-Sarmiento (1996) Analysis of nm23-H1 expression in breast
cancer. Correlation with p53 expression and clinicopathologic findings. Cancer Lett 101:
137-42.

Dumas, C., I. Lascu, S. Morera, P. Glaser, R. Fourme, V. Wallet, M. L. Lacombe, M. Veron, and J.
Janin (1992) X-ray structure of nucleoside diphosphate kinase. EMBO J 11:3203-8.

Engel, M., M. Veron, B. Theisinger, M. L. Lacombe, T. Seib, S. Dooley, and C. Welter (1995)
A novel serine/threonine-specific protein phosphotransferase activity of Nm23/nucleoside-
diphosphate kinase. Eur J Biochem 234:200-7.

Engel, M., M. Seifert, B. Theisinger, U. Seyfert, and C. Welter (1998) Glyceraldehyde-3-phosphate
dehydrogenase and Nm23-H1/nucleoside diphosphate kinase A. Two old enzymes combine for
the novel Nm23 protein phosphotransferase function. J Biol Chem 273:20058-65.

Fan, Z., P. J. Beresford, D. Y. Oh, D. Zhang, and J. Lieberman (2003) Tumor suppressor NM23-
H1 is a granzyme A-activated DNase during CTL-mediated apoptosis, and the nucleosome
assembly protein SET is its inhibitor. Cell 112:659-72.

Ferguson, A. W., U. Flatow, N. J. MacDonald, F. Larminat, V. A. Bohr, and P. S. Steeg (1996)
Increased sensitivity to cisplatin by nm23-transfected tumor cell lines. Cancer Res 56:2931-5.

Forus, A., A. D' Angelo, J. Henriksen, G. Merla, G. M. Maelandsmo, V. A. Florenes, S. Olivieri, B.
Bjerkehagen, L. A. Meza-Zepeda, F. del Vecchio Blanco, C. Muller, F. Sanvito, J. Kononen,
J. M. Nesland, O. Fodstad, A. Reymond, O. P. Kallioniemi, G. Arrigoni, A. Ballabio, O.
Myklebost, and M. Zollo (2001) Amplification and overexpression of PRUNE in human sarco-
mas and breast carcinomas-a possible mechanism for altering the nm23-H1 activity. Oncogene
20:6881-90.

Friess, H., X. Z. Guo, A. A. Tempia-Caliera, A. Fukuda, M. E. Martignoni, A. Zimmermann,
M. Korc, and M. W. Buchler (2001) Differential expression of metastasis-associated genes in
papilla of vater and pancreatic cancer correlates with disease stage. J Clin Oncol 19:2422-32.

Fujimoto, Y., T. Ohtake, H. Nishimori, K. Ikuta, M. Ohhira, M. Ono, and Y. Kohgo (1998) Reduced
expression and rare genomic alteration of nm23-H1 in human hepatocellular carcinoma and
hepatoma cell lines. J Gastroenterol 33:368-75.

Fukuda, M., A. Ishii, Y. Yasutomo, N. Shimada, N. Ishikawa, N. Hanai, N. Nagata, T. Irimura, G. L.
Nicolson, and N. Kimura (1996) Decreased expression of nucleoside diphosphate kinase alpha
isoform, an nm23-H2 gene homolog, is associated with metastatic potential of rat mammary-
adenocarcinoma cells. Int J Cancer 65:531-7.

Gao, Q. L., D. Ma, L. Meng, S. X. Wang, C. Y. Wang, Y. P. Lu, A. L. Zhang, and J. Li (2004)
Association between Nm23-H1 gene expression and metastasis of ovarian carcinoma. Ai Zheng
23:650-4.

Garinis, G. A., E. N. Manolis, N. E. Spanakis, G. P. Patrinos, G. Peros, and P. G. Menounos (2003)
High frequency of concomitant nm23-H1 and E-cadherin transcriptional inactivation in primary
non-inheriting colorectal carcinomas. J] Mol Med 81:256-63.

Garzia, L., A. D'Angelo, A. Amoresano, S. K. Knauer, C. Cirulli, C. Campanella, R. H. Stauber,
C. Steegborn, A. Iolascon, and M. Zollo (2008) Phosphorylation of nm23-H1 by CKI induces
its complex formation with h-prune and promotes cell motility. Oncogene 27:1853—-64.

Garzia, L., C. Roma, N. Tata, D. Pagnozzi, P. Pucci, and M. Zollo (2006) H-prune-nm23-H1
protein complex and correlation to pathways in cancer metastasis. J Bioenerg Biomembr 38:
205-13.



262 R. Kaul et al.

Gilles, A. M., E. Presecan, A. Vonica, and I. Lascu (1991) Nucleoside diphosphate kinase from
human erythrocytes. Structural characterization of the two polypeptide chains responsible for
heterogeneity of the hexameric enzyme. J Biol Chem 266:8784-9.

Giraud, M. F., F. Georgescauld, I. Lascu, and A. Dautant (2006) Crystal structures of S120G mutant
and wild type of human nucleoside diphosphate kinase A in complex with ADP. J Bioenerg
Biomembr 38:261-4.

Godfried, M. B., M. Veenstra, P. v Sluis, K. Boon, R. v Asperen, M. C. Hermus, B. D. v Schaik,
T. P. Voute, M. Schwab, R. Versteeg, and H. N. Caron (2002) The N-myc and c-myc down-
stream pathways include the chromosome 17q genes nm23-H1 and nm23-H2. Oncogene 21:
2097-101.

Goncharuk, V. N., A. del-Rosario, L. Kren, S. Anwar, C. E. Sheehan, J. A. Carlson, and J. S.
Ross (2004) Co-downregulation of PTEN, KAI-1, and nm23-H]1 tumor/metastasis suppressor
proteins in non-small cell lung cancer. Ann Diagn Pathol 8:6-16.

Graham, A. N., P. Maxwell, K. Mulholland, A. H. Patterson, N. Anderson, K. G. McManus, H.
Bharucha, and J. A. McGuigan (2002) Increased nm23 immunoreactivity is associated with
selective inhibition of systemic tumour cell dissemination. J Clin Pathol 55:184-9.

Guo, H. B., F Liu, J. H. Zhao, and H. L. Chen (2000) Down-regulation of N-
acetylglucosaminyltransferase V by tumorigenesis- or metastasis-suppressor gene and its
relation to metastatic potential of human hepatocarcinoma cells. J Cell Biochem 79:
370-85.

Hamby, C. V., R. Abbi, N. Prasad, C. Stauffer, J. Thomson, C. E. Mendola, V. Sidorov, and J. M.
Backer (2000) Expression of a catalytically inactive H118Y mutant of nm23-H2 suppresses the
metastatic potential of line IV Cl 1 human melanoma cells. Int J Cancer 88:547-53.

Hartsough, M. T. and P. S. Steeg (1998) Nm23-H1: genetic alterations and expression patterns in
tumor metastasis. Am J Hum Genet 63:6-10.

Hartsough, M. T., S. E. Clare, M. Mair, A. G. Elkahloun, D. Sgroi, C. K. Osborne, G. Clark, and P.
S. Steeg (2001) Elevation of breast carcinoma Nm23-H1 metastasis suppressor gene expression
and reduced motility by DNA methylation inhibition. Cancer Res 61:2320-7.

Hartsough, M. T., D. K. Morrison, M. Salerno, D. Palmieri, T. Ouatas, M. Mair, J. Patrick, and P.
S. Steeg (2002) Nm23-H1 metastasis suppressor phosphorylation of kinase suppressor of Ras
via a histidine protein kinase pathway. J Biol Chem 277:32389-99.

Heimann, R., D. J. Ferguson, and S. Hellman (1998) The relationship between nm23, angiogenesis,
and the metastatic proclivity of node-negative breast cancer. Cancer Res 58:2766—71.

Higashiyama, M., O. Doi, H. Yokouchi, K. Kodama, S. Nakamori, R. Tateishi, and N. Kimura
(1992) Immunohistochemical analysis of nm23 gene product/NDP kinase expression in
pulmonary adenocarcinoma: lack of prognostic value. Br J Cancer 66:533-6.

Horak, C. E.,J. H. Lee, A. G. Elkahloun, M. Boissan, S. Dumont, T. K. Maga, S. Arnaud-Dabernat,
D. Palmieri, W. G. Stetler-Stevenson, M. L. Lacombe, P. S. Meltzer, and P. S. Steeg (2007a)
Nm23-H1 suppresses tumor cell motility by down-regulating the lysophosphatidic acid receptor
EDG?2. Cancer Res 67:7238—46.

Horak, C. E., A. Mendoza, E. Vega-Valle, M. Albaugh, C. Graff-Cherry, W. G. McDermott, E.
Hua, M. J. Merino, S. M. Steinberg, C. Khanna, and P. S. Steeg (2007b) Nm23-H1 suppresses
metastasis by inhibiting expression of the lysophosphatidic acid receptor EDG2. Cancer Res
67:11751-9.

Hori, K., K. Uematsu, H. Yasoshima, K. Sakurai, A. Yamada, and M. Ohya (1997)
Immunohistochemical analysis of the nm23 gene products in testicular seminoma. Pathol Int
47:288-92.

Howlett, A. R., O. W. Petersen, P. S. Steeg, and M. J. Bissell (1994) A novel function for the nm23-
H1 gene: overexpression in human breast carcinoma cells leads to the formation of basement
membrane and growth arrest. J Natl Cancer Inst 86:1838—44.

Hsieh, Y. S., Y. L. Lee, S. F. Yang, J. S. Yang, W. Chen, S. C. Chen, and C. M. Shih
(2007) Association of EcoRI polymorphism of the metastasis-suppressor gene NME1 with
susceptibility to and severity of non-small cell lung cancer. Lung Cancer 58:191-5.



11  Nm23 as a Metastasis Inhibitor 263

Huang, G. W., W. N. Mo, G. Q. Kuang, H. T. Nong, M. Y. Wei, M. Sunagawa, and T. Kosugi (2001)
Expression of pl16, nm23-H1, E-cadherin, and CD44 gene products and their significance in
nasopharyngeal carcinoma. Laryngoscope 111:1465-71.

Huang, Z. H., G. Q. Su, Q. G. Mao, Q. Z. Wang, Z. Li, J. L. Yu, and Y. F. Fan (2004) [Expressions
of vascular endothelial growth factor and nm23-H1 gene and their relation to the prognosis of
breast cancer in young women]. Di Yi Jun Yi Da Xue Xue Bao 24:1398—401.

Huang, C. S., M. K. Shih, C. H. Chuang, and M. L. Hu (2005) Lycopene inhibits cell migration
and invasion and upregulates Nm23-H1 in a highly invasive hepatocarcinoma, SK-Hep-1 cells.
J Nutr 135:2119-23.

Igawa, M., S. Urakami, H. Shiina, T. Ishibe, T. Usui, and G. W. Chodak (1996) Association of
nm?23 protein levels in human prostates with proliferating cell nuclear antigen expression at
autopsy. Eur Urol 30:383-7.

Tizuka, N., M. Oka, T. Noma, A. Nakazawa, K. Hirose, and T. Suzuki (1995) NM23-H1 and
NM23-H2 messenger RNA abundance in human hepatocellular carcinoma. Cancer Res 55:
652-7.

lizuka, N., A. Tangoku, S. Hazama, S. Yoshino, N. Mori, and M. Oka (2001) Nm23-H1 gene as a
molecular switch between the free-floating and adherent states of gastric cancer cells. Cancer
Lett 174:65-71.

Indinnimeo, M., C. Cicchini, A. Stazi, E. Giarnieri, M. R. Limiti, C. Ghini, and A. Vecchione
(1999) Correlation between nm23-H1 overexpression and clinicopathological variables in
human anal canal carcinoma. Oncol Rep 6:1353-6.

Ismail, N. I., G. Kaur, H. Hashim, and M. S. Hassan (2008) Nuclear localization and intensity of
staining of nm23 protein is useful marker for breast cancer progression. Cancer Cell Int 8:6.
Iwashita, S., M. Fujii, H. Mukai, Y. Ono, and M. Miyamoto (2004) Lbc proto-oncogene prod-
uct binds to and could be negatively regulated by metastasis suppressor nm23-H2. Biochem

Biophys Res Commun 320:1063-8.

Jung, S., Y. W. Paek, K. S. Moon, S. C. Wee, H. H. Ryu, Y. L. Jeong, H. S. Sun, Y. H. Jin, K. K.
Kim, and K. Y. Ahn (2006) Expression of Nm23 in gliomas and its effect on migration and
invasion in vitro. Anticancer Res 26:249-58.

Jung, H., H. A. Seong, and H. Ha (2007) NM23-H1 tumor suppressor and its interacting partner
STRAP activate p53 function. J Biol Chem 282:35293-307.

Kaetzel, D. M., Q. Zhang, M. Yang, J. R. McCorkle, D. Ma, and R. J. Craven (2006) Potential
roles of 3/-5’ exonuclease activity of NM23-H1 in DNA repair and malignant progression.
J Bioenerg Biomembr 38:163-7.

Kanayama, H., H. Takigawa and S. Kagawa (1994) Analysis of nm23 gene expressions in human
bladder and renal cancers. Int J Urol 1:324-31.

Kapitanovic, S., T. Cacev, M. Berkovic, M. Popovic-Hadzija, S. Radosevic, S. Seiwerth, S.
Spaventi, K. Pavelic, and R. Spaventi (2004) nm23-H]1 expression and loss of heterozygosity
in colon adenocarcinoma. J Clin Pathol 57:1312-18.

Kauffman, E. C., V. L. Robinson, W. M. Stadler, M. H. Sokoloff, and C. W. Rinker-Schaeffer
(2003) Metastasis suppression: the evolving role of metastasis suppressor genes for regulating
cancer cell growth at the secondary site. J Urol 169:1122-33.

Kaul, R., S. C. Verma, M. Murakami, K. Lan, T. Choudhuri, and E. S. Robertson (2006) Epstein-
Barr virus protein can upregulate cyclo-oxygenase-2 expression through association with the
suppressor of metastasis Nm23-H1. J Virol 80:1321-31.

Kaul, R., M. Murakami, T. Choudhuri, and E. S. Robertson (2007) Epstein-Barr virus latent nuclear
antigens can induce metastasis in a nude mouse model. J Virol 81:10352-61.

Kawakubo, Y., Y. Sato, T. Koh, H. Kono, and T. Kameya (1997) Expression of nm23 protein
in pulmonary adenocarcinomas: inverse lorrelation to tumor progression. Lung Cancer 17:
103-13.

Keim, D., N. Hailat, R. Melhem, X. X. Zhu, I. Lascu, M. Veron, J. Strahler, and S. M. Hanash
(1992) Proliferation-related expression of p19/nm23 nucleoside diphosphate kinase. J Clin
Invest §9:919-24.



264 R. Kaul et al.

Khan, M. H., M. Yasuda, F. Higashino, S. Haque, T. Kohgo, M. Nakamura, and M. Shindoh
(2001) nm23-H1 suppresses invasion of oral squamous cell carcinoma-derived cell lines with-
out modifying matrix metalloproteinase-2 and matrix metalloproteinase-9 expression. Am J
Pathol 158:1785-91.

Kim, S. H. and J. Kim (2006) Reduction of invasion in human fibrosarcoma cells by ribosomal
protein S3 in conjunction with Nm23-H1 and ERK. Biochim Biophys Acta 1763:823-32.

Kim, S. Y., J. E. Ferrell, Jr., S. K. Chae, and K. J. Lee (2000) Inhibition of progesterone-induced
Xenopus oocyte maturation by Nm23. Cell Growth Differ 11:485-90.

Kim, Y. L, S. Park, D. L. Jeoung, and H. Lee (2003) Point mutations affecting the oligomeric
structure of Nm23-H1 abrogates its inhibitory activity on colonization and invasion of prostate
cancer cells. Biochem Biophys Res Commun 307:281-9.

Kimberly, M., andrew, King., Kevin, O’Neill., Apsara, Kandanearatchi., Krishanthi Liyanage., and
Geoffrey, J Pilkington., (1998) Expression of the candidate invasion suppressor gene, nm23, in
human brain tumors. Neuropathology 18:315-20.

Konishi, N., S. Nakaoka, T. Tsuzuki, K. Matsumoto, Y. Kitahori, Y. Hiasa, T. Urano, and H. Shiku
(1993) Expression of nm23-H1 and nm23-H2 proteins in prostate carcinoma. Jpn J Cancer Res
84:1050-4.

Korabiowska, M., J. F. Honig, J. Jawien, J. Knapik, J. Stachura, C. Cordon-Cardo, and G. Fischer
(2005) Relationship of nm23 expression to proliferation and prognosis in malignant melanomas
of the oral cavity. In Vivo 19:1093-6.

Kowluru, A., M. Tannous, and H. Q. Chen (2002) Localization and characterization of the mito-
chondrial isoform of the nucleoside diphosphate kinase in the pancreatic beta cell: evidence
for its complexation with mitochondrial succinyl-CoA synthetase. Arch Biochem Biophys
398:160-9.

Kraeft, S. K., F. Traincart, S. Mesnildrey, J. Bourdais, M. Veron, and L. B. Chen (1996) Nuclear
localization of nucleoside diphosphate kinase type B (nm23-H2) in cultured cells. Exp Cell Res
227:63-9.

Kuppers, D. A., K. Lan, J. S. Knight, and E. S. Robertson (2005) Regulation of matrix metallopro-
teinase 9 expression by Epstein-Barr virus nuclear antigen 3C and the suppressor of metastasis
Nm23-H1. J Virol 79:9714-24.

Lacombe, M. L., L. Milon, A. Munier, J. G. Mehus, and D. O. Lambeth (2000) The human
Nm23/nucleoside diphosphate kinases. J Bioenerg Biomembr 32:247-58.

Lai, W. W., M. H. Wu, J. J. Yan, and F. F. Chen (1996) Immunohistochemical analysis of nm23-H1
in stage I non-small cell lung cancer: a useful marker in prediction of metastases. Ann Thorac
Surg 62:1500-4.

Lascu, I, S. Schaertl, C. Wang, C. Sarger, A. Giartosio, G. Briand, M. L. Lacombe, and M.
Konrad (1997) A point mutation of human nucleoside diphosphate kinase A found in aggressive
neuroblastoma affects protein folding. J Biol Chem 272:15599-602.

Lee, C. S. and J. Gad (1998) nm23-H1 protein immunoreactivity in intraepithelial neoplasia and
invasive squamous cell carcinoma of the uterine cervix. Pathol Int 48:806—11.

Lee, C. S. and A. Pirdas-Zivcic (1994) nm23-H1 protein immunoreactivity in cancers of the
gallbladder, extrahepatic bile ducts and ampulla of Vater. Pathology 26:448-52.

Lee, H. Y. and H. Lee (1999) Inhibitory activity of nm23-H1 on invasion and colonization of human
prostate carcinoma cells is not mediated by its NDP kinase activity. Cancer Lett 145:93-9.
Leone, A., U. Flatow, K. VanHoutte, and P. S. Steeg (1993a) Transfection of human nm23-H1 into
the human MDA-MB-435 breast carcinoma cell line: effects on tumor metastatic potential,

colonization and enzymatic activity. Oncogene 8:2325-33.

Leone, A., R. C. Seeger, C. M. Hong, Y. Y. Hu, M. J. Arboleda, G. M. Brodeur, D. Stram, D. J.
Slamon, and P. S. Steeg (1993b) Evidence for nm23 RNA overexpression, DNA amplification
and mutation in aggressive childhood neuroblastomas. Oncogene 8:855-65.

Leung, S. M. and L. E. Hightower (1997) A 16-kDa protein functions as a new regulatory pro-
tein for Hsc70 molecular chaperone and is identified as a member of the Nm23/nucleoside
diphosphate kinase family. J Biol Chem 272:2607-14.



11  Nm23 as a Metastasis Inhibitor 265

Lim, S., H. Y. Lee, and H. Lee (1998) Inhibition of colonization and cell-matrix adhesion after
nm23-H1 transfection of human prostate carcinoma cells. Cancer Lett 133:143-9.

Lin, L. I, P. H. Lee, C. M. Wu, and J. K. Lin (1998) Significance of nm23 mRNA expression in
human hepatocellular carcinoma. Anticancer Res 18:541-6.

Lin, K. H,, Y. W. Lin, H. F. Lee, W. L. Liu, S. T. Chen, K. S. Chang, and S. Y. Cheng (1995)
Increased invasive activity of human hepatocellular carcinoma cells is associated with an over-
expression of thyroid hormone beta 1 nuclear receptor and low expression of the anti-metastatic
nm23 gene. Cancer Lett 98:89-95.

Lin, K. H., H. Y. Shieh, and H. C. Hsu (2000) Negative regulation of the antimetastatic gene
Nm23-H1 by thyroid hormone receptors. Endocrinology 141:2540-7.

Liu, F, H. L. Qi, and H. L. Chen (2000) Effects of all-trans retinoic acid and epidermal growth
factor on the expression of nm23-H1 in human hepatocarcinoma cells. J Cancer Res Clin Oncol
126:85-90.

Liu, S. J., Y. M. Sun, D. FE Tian, Y. C. He, L. Zeng, Y. He, C. Q. Ling, and S. H. Sun (2008)
Downregulated NM23-H1 expression is associated with intracranial invasion of nasopharyn-
geal carcinoma. Br J Cancer 98:363-9.

lizuka, N., K. Miyamoto, A. Tangoku, H. Hayashi, S. Hazama, S. Yoshino, K. Yoshimura, K.
Hirose, H. Yoshida, and M. Oka (2000) Downregulation of intracellular nm23-H1 prevents
cisplatin-induced DNA damage in oesophageal cancer cells: possible association with Na(+),
K(+)-ATPase. Br J Cancer 83:1209-15.

Lombardi, D (2006) Commentary: nm23, a metastasis suppressor gene with a tumor suppressor
gene aptitude? J Bioenerg Biomembr 38:177-80.

Lombardi, D., E. Palescandolo, A. Giordano, and M. G. Paggi (2001) Interplay between the
antimetastatic nm23 and the retinoblastoma-related Rb2/p130 genes in promoting neuronal
differentiation of PC12 cells. Cell Death Differ 8:470-6.

Ma, D., G. P. Luyten, T. M. Luider, M. J. Jager, and J. Y. Niederkorn (1996) Association between
NM23-H1 gene expression and metastasis of human uveal melanoma in an animal model.
Invest Ophthalmol Vis Sci 37:2293-301.

Ma, D., Z. Xing, B. Liu, N. G. Pedigo, S. G. Zimmer, Z. Bai, E. H. Postel, and D. M. Kaetzel
(2002) NM23-H1 and NM23-H2 repress transcriptional activities of nuclease-hypersensitive
elements in the platelet-derived growth factor-A promoter. J Biol Chem 277:1560-7.

Ma, D., J. R. McCorkle, and D. M. Kaetzel (2004) The metastasis suppressor NM23-H1 possesses
3/-5’ exonuclease activity. J Biol Chem 279:18073-84.

MacDonald, N. J., J. M. Freije, M. L. Stracke, R. E. Manrow, and P. S. Steeg (1996) Site-directed
mutagenesis of nm23-H1. Mutation of proline 96 or serine 120 abrogates its motility inhibitory
activity upon transfection into human breast carcinoma cells. J Biol Chem 271:25107-16.

Mandai, M., 1. Konishi, T. Komatsu, T. Mori, S. Arao, H. Nomura, Y. Kanda, H. Hiai, and M.
Fukumoto (1995) Mutation of the nm23 gene, loss of heterozygosity at the nm23 locus and
K-ras mutation in ovarian carcinoma: correlation with tumour progression and nm23 gene
expression. Br J Cancer 72:691-5.

Marone, M., G. Scambia, G. Ferrandina, C. Giannitelli, P. Benedetti-Panici, S. Iacovella, A.
Leone, and S. Mancuso (1996) Nm23 expression in endometrial and cervical cancer: inverse
correlation with lymph node involvement and myometrial invasion. Br J Cancer 74:1063-8.

Martinez, J. A., S. Prevot, B. Nordlinger, T. M. Nguyen, Y. Lacarriere, A. Munier, I. Lascu, J.
C. Vaillant, J. Capeau, and M. L. Lacombe (1995) Overexpression of nm23-H1 and nm23-H2
genes in colorectal carcinomas and loss of nm23-H1 expression in advanced tumour stages.
Gut 37:712-20.

Mehus, J. G., P. Deloukas, and D. O. Lambeth (1999) NME6: a new member of the
nm23/nucleoside diphosphate kinase gene family located on human chromosome 3p21.3. Hum
Genet 104:454-9.

Mileo, A. M., E. Piombino, A. Severino, A. Tritarelli, M. G. Paggi, and D. Lombardi (2006)
Multiple interference of the human papillomavirus-16 E7 oncoprotein with the functional role
of the metastasis suppressor Nm23-H1 protein. J Bioenerg Biomembr 38:215-25.



266 R. Kaul et al.

Milon, L., M. F. Rousseau-Merck, A. Munier, M. Erent, I. Lascu, J. Capeau, and M. L. Lacombe
(1997) nm23-H4, a new member of the family of human nm23/nucleoside diphosphate kinase
genes localised on chromosome 16p13. Hum Genet 99:550-7.

Milon, L., P. Meyer, M. Chiadmi, A. Munier, M. Johansson, A. Karlsson, I. Lascu, J. Capeau,
J. Janin, and M. L. Lacombe (2000) The human nm23-H4 gene product is a mitochondrial
nucleoside diphosphate kinase. J Biol Chem 275:14264-72.

Morimura, Y., K. Yanagida, T. Hashimoto, Y. Takano, F. Watanabe, H. Yamada, and A. Sato
(1998) Evaluation of immunostaining for MIB1 and nm23 products in uterine cervical
adenocarcinoma. Tohoku J Exp Med 185:185-97.

Muller, W., A. Schneiders, G. Hommel, and H. E. Gabbert (1998) Expression of nm23 in gastric
carcinoma: association with tumor progression and poor prognosis. Cancer 83:2481-7.

Munier, A., C. Feral, L. Milon, V. P. Pinon, G. Gyapay, J. Capeau, G. Guellaen, and M. L. Lacombe
(1998) A new human nm23 homologue (nm23-HS5) specifically expressed in testis germinal
cells. FEBS Lett 434:289-94.

Murakami, M., K. Lan, C. Subramanian, and E. S. Robertson (2005) Epstein-Barr virus nuclear
antigen 1 interacts with Nm23-H1 in lymphoblastoid cell lines and inhibits its ability to
suppress cell migration. J Virol 79:1559-68.

Murakami, M., P. I. Meneses,.J. S. Knight, K. Lan, R. Kaul, S. C. Verma, and E. S. Robertson
(2008a) Nm23-H1 modulates the activity of the guanine exchange factor Dbl-1. Int J Cancer
123(3):500-10.

Murakami M., P. I. Meneses, K. Lan, and E. S. Robertson (2008b) The suppressor of metastasis
Nm23-H1 interacts with the Cdc42 Rho family member and the pleckstrin homology domain
of oncoprotein Dbl-1 to suppress cell migration. Cancer Biol Therapy 7(5):677-88.

Nakamori, S., O. Ishikawa, H. Ohhigashi, M. Kameyama, H. Furukawa, Y. Sasaki, H. Inaji,
M. Higashiyama, S. Imaoka, T. Iwanaga, and et al. (1993) Expression of nucleoside diphos-
phate kinase/nm23 gene product in human pancreatic cancer: an association with lymph node
metastasis and tumor invasion. Clin Exp Metastasis 11:151-8.

Nakayama, H., W. Yasui, H. Yokozaki, and E. Tahara (1993) Reduced expression of nm23 is
associated with metastasis of human gastric carcinomas. Jpn J Cancer Res 84:184-90.

Nanashima, A., H. Yano, H. Yamaguchi, K. Tanaka, S. Shibasaki, Y. Sumida, T. Sawai, H. Shindou,
and T. Nakagoe (2004) Immunohistochemical analysis of tumor biological factors in hep-
atocellular carcinoma: relationship to clinicopathological factors and prognosis after hepatic
resection. J Gastroenterol 39:148-54.

Nasser, J. A., A. Falavigna, F. Ferraz, G. Duigou, and J. Bruce (2006) Transcription analysis of
TIMP-1 and NM23-H1 genes in glioma cell invasion. Arq Neuropsiquiatr 64:774-80.

Natarajan, K., N. Mori, D. Artemov, and Z. M. Bhujwalla (2002) Exposure of human breast cancer
cells to the anti-inflammatory agent indomethacin alters choline phospholipid metabolites and
Nm23 expression. Neoplasia 4:409-16.

Nawashiro, H., Y. Ozeki, K. Takishima, K. Shima, and H. Chigasaki (1996) Immunohistochemical
analysis of the nm23 gene product (NDP kinase) expression in astrocytic neoplasms. Acta
Neurochir (Wien) 138:445-50.

Negroni, A., D. Venturelli, B. Tanno, R. Amendola, S. Ransac, V. Cesi, B. Calabretta, and
G. Raschella (2000) Neuroblastoma specific effects of DR-nm23 and its mutant forms on
differentiation and apoptosis. Cell Death Differ 7:843-50.

Nesi, G., D. Palli, L. M. Pernice, C. Saieva, M. Paglierani, K. C. Kroning, S. Catarzi, C. A. Rubio,
and A. Amorosi (2001) Expression of nm23 gene in gastric cancer is associated with a poor
5-year survival. Anticancer Res 21:3643-9.

Nicolson, G. L (1988) Cancer metastasis: tumor cell and host organ properties important in
metastasis to specific secondary sites. Biochim Biophys Acta 948:175-224.

Nie, Q., Q. H. Zhou, W. Zhu, L. X. Liu, J. K. Fu, D. B. Li, Y. Li, and G. W. Che (2006) [nm23-
H1 gene inhibits lung cancer cell invasion through down-regulation of PKC signal pathway].
Zhonghua Zhong Liu Za Zhi 28:334-6.

Niitsu, N., J. Okabe-Kado, T. Kasukabe, Y. Yamamoto-Yamaguchi, M. Umeda, and Y. Honma
(1999) Prognostic implications of the differentiation inhibitory factor nm23-H1 protein in the
plasma of aggressive non-Hodgkin's lymphoma. Blood 94:3541-50.



11  Nm23 as a Metastasis Inhibitor 267

Niitsu, N., J. Okabe-Kado, M. Okamoto, T. Takagi, T. Yoshida, S. Aoki, M. Hirano, and Y. Honma
(2001) Serum nm23-HI protein as a prognostic factor in aggressive non-Hodgkin lymphoma.
Blood 97:1202-10.

Nosaka, K., M. Kawahara, M. Masuda, Y. Satomi, and H. Nishino (1998) Association of nucleoside
diphosphate kinase nm23-H2 with human telomeres. Biochem Biophys Res Commun 243:
342-8.

Ohba, K., Y. Miyata, S. Koga, S. Kanda, and H. Kanetake (2005) Expression of nm23-HI gene
product in sarcomatous cancer cells of renal cell carcinoma: correlation with tumor stage and
expression of matrix metalloproteinase-2, matrix metalloproteinase-9, sialyl Lewis X, and c-
erbB-2. Urology 65:1029-34.

Ohta, Y., H. Nozawa, Y. Tanaka, M. Oda, and Y. Watanabe (2000) Increased vascular endothelial
growth factor and vascular endothelial growth factor-c and decreased nm23 expression associ-
ated with microdissemination in the lymph nodes in stage I non-small cell lung cancer. J Thorac
Cardiovasc Surg 119:804—13.

Okabe-Kado, J. and T. Kasukabe (2003) Physiological and pathological relevance of extracellular
NM23/NDP kinases. J Bioenerg Biomembr 35:89-93.

Okabe-Kado, J.,T. Kasukabe, H. Baba, T. Urano, H. Shiku, and Y. Honma (1995a) Inhibitory action
of nm23 proteins on induction of erythroid differentiation of human leukemia cells. Biochim
Biophys Acta 1267:101-6.

Okabe-Kado, J., T. Kasukabe, M. Hozumi, Y. Honma, N. Kimura, H. Baba, T. Urano, and H. Shiku
(1995a) A new function of Nm23/NDP kinase as a differentiation inhibitory factor, which does
not require it’s kinase activity. FEBS Lett 363:311-15.

Okabe-Kado, J., T. Kasukabe, and Y. Honma (2002) Expression of cell surface NM23 proteins
of human leukemia cell lines of various cellular lineage and differentiation stages. Leuk Res
26:569-76.

Okada, K., T. Urano, H. Baba, K. Furukawa, and H. Shiku (1996) Independent and differential
expression of two isotypes of human Nm23: analysis of the promoter regions of the nm23-H1
and H2 genes. Oncogene 13:1937-43.

Otero, A. S., M. B. Doyle, M. T. Hartsough, and P. S. Steeg (1999) Wild-type NM23-H1, but not its
S120 mutants, suppresses desensitization of muscarinic potassium current. Biochim Biophys
Acta 1449:157-68.

QOuatas, T., S. E. Clare, M. T. Hartsough, A. De La Rosa, and P. S. Steeg (2002) MMT V-associated
transcription factor binding sites increase nm23-H1 metastasis suppressor gene expression in
human breast carcinoma cell lines. Clin Exp Metastasis 19:35-42.

Ouatas, T.,D. Halverson, and P. S. Steeg (2003a) Dexamethasone and medroxyprogesterone acetate
elevate Nm23-H1 metastasis suppressor gene expression in metastatic human breast carcinoma
cells: new uses for old compounds. Clin Cancer Res 9:3763-72.

Ouatas, T., M. Salerno, D. Palmieri, and P. S. Steeg (2003b) Basic and translational advances in
cancer metastasis: Nm23. J Bioenerg Biomembr 35:73-9.

Padma, P., A. Hozumi, K. Ogawa, and K. Inaba (2001) Molecular cloning and characterization of a
thioredoxin/nucleoside diphosphate kinase related dynein intermediate chain from the ascidian,
Ciona intestinalis. Gene 275:177-83.

Palacios, F., J. K. Schweitzer, R. L. Boshans, and C. D’Souza-Schorey (2002) ARF6-GTP recruits
Nm23-HI1 to facilitate dynamin-mediated endocytosis during adherens junctions disassembly.
Nat Cell Biol 4:929-36.

Palmieri, D., D. O. Halverson, T. Ouatas, C. E. Horak, M. Salerno, J. Johnson, W. D. Figg,
M. Hollingshead, S. Hursting, D. Berrigan, S. M. Steinberg, M. J. Merino, and P. S. Steeg
(2005) Medroxyprogesterone acetate elevation of Nm23-H1 metastasis suppressor expression
in hormone receptor-negative breast cancer. J Natl Cancer Inst 97:632-42.

Parhar, R. S., Y. Shi, M. Zou, N. R. Farid, P. Ernst, and S. T. al-Sedairy (1995) Effects of cytokine-
mediated modulation of nm23 expression on the invasion and metastatic behavior of B16F10
melanoma cells. Int J Cancer 60:204-10.

Pinon, V. P,, G. Millot, A. Munier, J. Vassy, G. Linares-Cruz, J. Capeau, F. Calvo, and M. L.
Lacombe (1999) Cytoskeletal association of the A and B nucleoside diphosphate kinases of



268 R. Kaul et al.

interphasic but not mitotic human carcinoma cell lines: specific nuclear localization of the B
subunit. Exp Cell Res 246:355-67.

Postel, E. H., S. J. Berberich, S. J. Flint, and C. A. Ferrone (1993) Human c-myc transcription
factor PuF identified as nm23-H2 nucleoside diphosphate kinase, a candidate suppressor of
tumor metastasis. Science 261:478-80.

Postel, E. H., S. J. Berberich, J. W. Rooney, and D. M. Kaetzel (2000) Human NM23/nucleoside
diphosphate kinase regulates gene expression through DNA binding to nuclease-hypersensitive
transcriptional elements. J Bioenerg Biomembr 32:277-84.

Prowatke, 1., F. Devens, A. Benner, E. F. Grone, D. Mertens, H. J. Grone, P. Lichter, and S. Joos
(2007) Expression analysis of imbalanced genes in prostate carcinoma using tissue microarrays.
Br J Cancer 96:82-8.

Rahman-Roblick, R., U. J. Roblick, U. Hellman, P. Conrotto, T. Liu, S. Becker, D. Hirschberg,
H. Jornvall, G. Auer, and K. G. Wiman (2007) p53 targets identified by protein expression
profiling. Proc Natl Acad Sci U S A 104:5401-6.

Reymond, A., S. Volorio, G. Merla, M. Al-Maghtheh, O. Zuffardi, A. Bulfone, A. Ballabio, and
M. Zollo (1999) Evidence for interaction between human PRUNE and nm23-H1 NDPKinase.
Oncogene 18:7244-52.

Roymans, D., R. Willems, K. Vissenberg, C. De Jonghe, B. Grobben, P. Claes, I. Lascu, D. Van
Bockstaele, J. P. Verbelen, C. Van Broeckhoven, and H. Slegers (2000) Nucleoside diphosphate
kinase beta (Nm23-R1/NDPKbeta) is associated with intermediate filaments and becomes
upregulated upon cAMP-induced differentiation of rat C6 glioma. Exp Cell Res 261:127-38.

Roymans, D., K. Vissenberg, C. De Jonghe, R. Willems, G. Engler, N. Kimura, B. Grobben, P.
Claes, J. P. Verbelen, C. Van Broeckhoven, and H. Slegers (2001) Identification of the tumor
metastasis suppressor Nm23-H1/Nm23-R1 as a constituent of the centrosome. Exp Cell Res
262:145-53.

Russell, R. L., K. R. Geisinger, R. R. Mehta, W. L. White, B. Shelton, and T. E. Kute (1997)
nm23-relationship to the metastatic potential of breast carcinoma cell lines, primary human
xenografts, and lymph node negative breast carcinoma patients. Cancer 79:1158-65.

Salerno, M., D. Palmieri, A. Bouadis, D. Halverson, and P. S. Steeg (2005) Nm23-H1 metas-
tasis suppressor expression level influences the binding properties, stability, and function of
the kinase suppressor of Rasl (KSR1) Erk scaffold in breast carcinoma cells. Mol Cell Biol
25:1379-88.

Sarin, A., M. S. Williams, M. A. Alexander-Miller, J. A. Berzofsky, C. M. Zacharchuk, and P. A.
Henkart (1997) Target cell lysis by CTL granule exocytosis is independent of ICE/Ced-3 family
proteases. Immunity 6:209-15.

Sastre-Garau, X., L. Ovtracht, I. Lascu, M. L. Lacombe, M. Veron, K. Bourdache, and J. P.
Thiery (1992) [Ultrastructural immunocytochemical localization of diphosphate kinase/Nm?23
in human cancer cells]. Bull Cancer 79:465-70.

Schuhmacher, M., F. Kohlhuber, M. Holzel, C. Kaiser, H. Burtscher, M. Jarsch, G. W. Bornkamm,
G. Laux, A. Polack, U. H. Weidle, and D. Eick (2001) The transcriptional program of a human
B cell line in response to Myc. Nucleic Acids Res 29:397-406.

Seifert, M., T. Seib, M. Engel, S. Dooley, and C. Welter (1995) Characterization of the human
nm23-H2 promoter region and localization of the microsatellite D175396. Biochem Biophys
Res Commun 215:910-14.

Seifert, M., B. Theisinger, M. Engel, T. Seib, G. Seitz, M. Stolte, K. Hilgert, and C. Welter (1997)
Isolation and characterization of new microsatellites at the nm23-H1 and nm23-H2 gene loci
and application for loss of heterozygosity (LOH) analysis. Hum Genet 100:515-19.

Seifert, M., C. Welter, Y. Mehraein, and G. Seitz (2005) Expression of the nm23 homologues
nm23-H4, nm23-H6, and nm23-H7 in human gastric and colon cancer. J Pathol 205:623-32.

Seong, H. A., H. Jung, and H. Ha (2007) NM23-H1 tumor suppressor physically interacts with
serine-threonine kinase receptor-associated protein, a transforming growth factor-beta (TGF-
beta) receptor-interacting protein, and negatively regulates TGF-beta signaling. J Biol Chem
282:12075-96.



11  Nm23 as a Metastasis Inhibitor 269

Seraj, M. J., M. A. Harding, J. J. Gildea, D. R. Welch, and D. Theodorescu (2000) The relationship
of BRMS1 and RhoGDI2 gene expression to metastatic potential in lineage related human
bladder cancer cell lines. Clin Exp Metastasis 18:519-25.

Shimada, M., K. Taguchi, H. Hasegawa, T. Gion, K. Shirabe, M. Tsuneyoshi, and K. Sugimachi
(1998) Nm23-H1 expression in intrahepatic or extrahepatic metastases of hepatocellular
carcinoma. Liver 18:337-42.

Shresta, S., T. A. Graubert, D. A. Thomas, S. Z. Raptis, and T. J. Ley (1999) Granzyme A initiates
an alternative pathway for granule-mediated apoptosis. Immunity 10:595-605.

Simpson, R. U., T. Hsu, D. A. Begley, B. S. Mitchell, and B. N. Alizadeh. (1987) Transcriptional
regulation of the c-myc protooncogene by 1,25-dihydroxyvitamin D3 in HL-60 promyelocytic
leukemia cells. J Biol Chem 262:4104-8.

Sonnemann, J. and R. Mutzel (1995) Cytosolic nucleoside diphosphate kinase associated with the
translation apparatus may provide GTP for protein synthesis. Biochem Biophys Res Commun
209:490-6.

Stahl, J. A., A. Leone, A. M. Rosengard, L. Porter, C. R. King, and P. S. Steeg (1991) Identification
of a second human nm23 gene, nm23-H2. Cancer Res 51:445-9.

Steeg, P. S., G. Bevilacqua, L. Kopper, U. P. Thorgeirsson, J. E. Talmadge, L. A. Liotta, and M. E.
Sobel. (1988) Evidence for a novel gene associated with low tumor metastatic potential. J Natl
Cancer Inst 80:200—4.

Steeg, P. S., A. de la Rosa, U. Flatow, N. J. MacDonald, M. Benedict, and A. Leone (1993) Nm23
and breast cancer metastasis. Breast Cancer Res Treat 25:175-87.

Steeg, P. S., T. Ouatas, D. Halverson, D. Palmieri, and M. Salerno (2003) Metastasis suppressor
genes: basic biology and potential clinical use. Clin Breast Cancer 4:51-62.

Subramanian, C. and E. S. Robertson (2002) The metastatic suppressor Nm23-H1 interacts with
EBNA3C at sequences located between the glutamine- and proline-rich domains and can
cooperate in activation of transcription. J Virol 76:8702-9.

Subramanian, C., M. A. Cotter, 2nd, and E. S. Robertson (2001) Epstein-Barr virus nuclear protein
EBNA-3C interacts with the human metastatic suppressor Nm23-H1: a molecular link to cancer
metastasis. Nat Med 7:350-5.

Suzuki, E., T. Ota, K. Tsukuda, A. Okita, K. Matsuoka, M. Murakami, H. Doihara, and N. Shimizu
(2004) nm23-H1 reduces in vitro cell migration and the liver metastatic potential of colon
cancer cells by regulating myosin light chain phosphorylation. Int J Cancer 108:207-11.

Tee, Y. T., G. D. Chen, L. Y. Lin, J. L. Ko, and P. H. Wang (2006) Nm23-H1: a metastasis-
associated gene. Taiwan J Obstet Gynecol 45:107-13.

Tomita, M., T. Ayabe, Y. Matsuzaki, M. Edagawa, M. Maeda, T. Shimizu, M. Hara, and T. Onitsuka
(2001a) Expression of nm23-H1 gene product in esophageal squamous cell carcinoma and its
association with vessel invasion and survival. BMC Cancer 1:3.

Tomita, M., T. Ayabe, Y. Matsuzaki, and T. Onitsuka (2001b) Expression of nm23-H1 gene
product in mediastinal lymph nodes from lung cancer patients. Eur J Cardiothorac Surg 19:
904-7.

Tommasi, S., V. Fedele, A. Crapolicchio, A. Bellizzi, A. Paradiso, and S. J. Reshkin (2003) ErbB2
and the antimetastatic nm23/NDP kinase in regulating serum induced breast cancer invasion.
Int J Mol Med 12:131-4.

Tseng, Y. H., D. Vicent, J. Zhu, Y. Niu, A. Adeyinka, J. S. Moyers, P. H. Watson, and C. R. Kahn
(2001) Regulation of growth and tumorigenicity of breast cancer cells by the low molecular
weight GTPase Rad and nm23. Cancer Res 61:2071-9.

Tsuiki, H., M. Nitta, A. Furuya, N. Hanai, T. Fujiwara, M. Inagaki, M. Kochi, Y. Ushio, H. Saya,
and H. Nakamura (1999) A novel human nucleoside diphosphate (NDP) kinase, Nm23-H6,
localizes in mitochondria and affects cytokinesis. J Cell Biochem 76:254—69.

Urano, T., K. Furukawa, and H. Shiku (1993) Expression of nm23/NDP kinase proteins on the cell
surface. Oncogene 8:1371-6.

Valentijn, L. J., J. Koster, and R. Versteeg (2006) Read-through transcript from NM23-H1 into the
neighboring NM23-H2 gene encodes a novel protein, NM23-LV. Genomics 87:483-9.



270 R. Kaul et al.

Varesco, L., M. A. Caligo, P. Simi, D. M. Black, V. Nardini, L. Casarino, M. Rocchi, G. Ferrara,
E. Solomon, and G. Bevilacqua (1992) The NM23 gene maps to human chromosome band
17q22 and shows a restriction fragment length polymorphism with BglIl. Genes Chromosomes
Cancer 4:84-8.

Venturelli, D., R. Martinez, P. Melotti, I. Casella, C. Peschle, C. Cucco, G. Spampinato, Z.
Darzynkiewicz, and B. Calabretta (1995) Overexpression of DR-nm23, a protein encoded by a
member of the nm23 gene family, inhibits granulocyte differentiation and induces apoptosis in
32Dc13 myeloid cells. Proc Natl Acad Sci U S A 92:7435-9.

Venturelli, D., V. Cesi, S. Ransac, A. Engelhard, D. Perrotti, and B. Calabretta (2000) The nucleo-
side diphosphate kinase activity of DRnm?23 is not required for inhibition of differentiation and
induction of apoptosis in 32Dcl3 myeloid precursor cells. Exp Cell Res 257:265-71.

Wagner, P. D. and N. D. Vu (2000) Histidine to aspartate phosphotransferase activity of nm23
proteins: phosphorylation of aldolase C on Asp-319. Biochem J 346 Pt 3:623-30.

Wagner, P. D. and N. D. Vu (2000) Phosphorylation of geranyl and farnesyl pyrophosphates by
Nm23 proteins/nucleoside diphosphate kinases. J Biol Chem 275:35570-6.

Wagner, P. D., P. S. Steeg, and N. D. Vu (1997) Two-component kinase-like activity of nm23
correlates with its motility-suppressing activity. Proc Natl Acad Sci U S A 94:9000-5.

Wallet, V., R. Mutzel, H. Troll, O. Barzu, B. Wurster, M. Veron, and M. L. Lacombe (1990)
Dictyostelium nucleoside diphosphate kinase highly homologous to Nm23 and Awd proteins
involved in mammalian tumor metastasis and Drosophila development. J Natl Cancer Inst
82:1199-202.

Wang, Q., M. Guo, and L.Sun.(1996)[Study on expression of nm23-H1 gene in laryngeal cancer
tissues]. Zhonghua Er Bi Yan Hou Ke Za Zhi 31:198-200.

Wang, G., C. Du, and Q. Lin (1997a) [The correlation between lung cancer lymph node metastasis
and nm23-H1 gene mutation, mRNA expression]. Zhonghua Jie He He Hu Xi Za Zhi 20:340-3.

Wang, S. W, H. F. Yam, L. Yang, H. K. Ng, S. L. Wang, B. Q. Wu, Z. H. Wang, S. B. Chew-Cheng,
and E. C. Chew (1997b) Expression of nm23-H1 in human meningioma cells. Anticancer Res
17:3569-73.

Wang, P. H., H. Chang, J. L. Ko, and L. Y. Lin (2003a) Nm23-H1 immunohistochemical expression
in multisteps of cervical carcinogenesis. Int J Gynecol Cancer 13:325-30.

Wang, P. H., J. L. Ko, H. Chang, and L. Y. Lin (2003b) Clinical significance of high nm23-H1
expression in intraepithelial neoplasia and early-stage squamous cell carcinoma of the uterine
cervix. Gynecol Obstet Invest 55:14-19.

Wang, Y. E, K. C. Chow, S. Y. Chang, J. H. Chiu, S. K. Tai, W. Y. Li, and L. S. Wang (2004)
Prognostic significance of nm23-H1 expression in oral squamous cell carcinoma. Br J Cancer
90:2186-93.

Wang, Y. F, J. Y. Chen, S. Y. Chang, J. H. Chiu, W. Y. Li, P. Y. Chu, S. K. Tai, and L. S. Wang
(2008) Nm23-H1 expression of metastatic tumors in the lymph nodes is a prognostic indicator
of oral squamous cell carcinoma. Int J Cancer 122:377-86.

Webb, P. A., O. Perisic, C. E. Mendola, J. M. Backer, and R. L. Williams (1995) The crystal
structure of a human nucleoside diphosphate kinase, NM23-H2. J Mol Biol 251:574-87.

Willems, R., D. R. Van Bockstaele, F. Lardon, M. Lenjou, G. Nijs, H. W. Snoeck, Z. N. Berneman,
and H. Slegers (1998) Decrease in nucleoside diphosphate kinase (NDPK/nm23) expression
during hematopoietic maturation. J Biol Chem 273:13663-8.

Willems, R., H. Slegers, I. Rodrigus, A. C. Moulijn, M. Lenjou, G. Nijs, Z. N. Berneman, and D. R.
Van Bockstaele (2002) Extracellular nucleoside diphosphate kinase NM23/NDPK modulates
normal hematopoietic differentiation. Exp Hematol 30:640-8.

Xu, W., J. Bai, and D. Yang (1995) [Correlation study of allelic gene deletion of nm23-H1 and
human colorectal carcinoma metastasis]. Zhonghua Zhong Liu Za Zhi 17:263-5.

Xu, J., L. Z. Liu, X. F. Deng, L. Timmons, E. Hersperger, P. S. Steeg, M. Veron, and A. Shearn
(1996) The enzymatic activity of Drosophila AWD/NDP kinase is necessary but not sufficient
for its biological function. Dev Biol 177:544-57.

Yague, J., M. Juan, A. Leone, M. Romero, A. Cardesa, J. Vives, P. S. Steeg, and E. Campo (1991)



11  Nm23 as a Metastasis Inhibitor 271

Bglll and EcoRI polymorphism of the human nm23-H1 gene (NMEI). Nucleic Acids Res
19:6663.

Yalcinkaya, U., S. Ozuysal, T. Bilgin, I. Ercan, O. Saraydaroglu, and D. Demir (2006) Nm23
expression in node-positive and node-negative endometrial cancer. Int J Gynaecol Obstet
95:35-9.

Yamashiro, S., T. Urano, H. Shiku, and K. Furukawa (1994) Alteration of nm23 gene expression
during the induced differentiation of human leukemia cell lines. Oncogene 9:2461-8.

Yang, T. H. and M. L. Hu (2006) Intracellular levels of S-adenosylhomocysteine but not
homocysteine are highly correlated to the expression of nm23-Hl and the level of 5-
methyldeoxycytidine in human hepatoma cells with different invasion activities. Nutr Cancer
55:224-31.

Yang, Z., Y. Wen, and P. Pu (2003) [The regulation of nm23-H1/NDPK-A in different processes of
regional lymph node metastases of oral squamous cell carcinomas]. Hua Xi Kou Qiang Yi Xue
Za Zhi 21:263-6.

Ye, Y., Y. Yu, D. Wan, Z. Tang, J. Lu, and L. He (1998) [The relationship between nm23-H1
loss of heterozygosity and metastasis in hepatocellular carcinoma]. Zhonghua Wai Ke Za Zhi
36:161-3.

Yeung, P, C. S. Lee, P. Marr, M. Sarris, and D. Fenton-Lee (1998) Nm23 gene expression in gastric
carcinoma: an immunohistochemical study. Aust N Z J Surg 68:180-2.

Yi, S., H. Guanggqi, and H. Guoli (2003) The association of the expression of MTA1, nm23H1 with
the invasion, metastasis of ovarian carcinoma. Chin Med Sci J 18:87-92.

Yoon, J. H., P. Singh, D. H. Lee, J. Qiu, S. Cai, T. R. O’Connor, Y. Chen, B. Shen, and G. P.
Pfeifer (2005) Characterization of the 3’ —> 5" exonuclease activity found in human nucleoside
diphosphate kinase 1 (NDK1) and several of its homologues. Biochemistry 44:15774-86.

Youn, B. S.,D. S. Kim, J. W. Kim, Y. T. Kim, S. Kang, and N. H. Cho (2008) NM23 as a prognostic
biomarker in ovarian serous carcinoma. Mod Pathol 21(7):885-92.

Zafon, C., G. Obiols, J. Castellvi, N. Tallada, P. Galofre, E. Gemar, J. Mesa, and R. Simo (2001)
nm23-H1 immunoreactivity as a prognostic factor in differentiated thyroid carcinoma. J Clin
Endocrinol Metab 86:3975-80.

Zhou, Q., X. Yang, D. Zhu, L. Ma, W. Zhu, Z. Sun, and Q. Yang (2007) Double mutant
P96S/S120G of Nm23-HI1 abrogates its NDPK activity and motility-suppressive ability.
Biochem Biophys Res Commun 356:348-53.



Chapter 12
HGF/c-MET Signaling in Advanced Cancers

Mandira Ray, JG Garcia, and Ravi Salgia

Cast of Characters

Papillary renal carcinoma (RCCP) is histologically and genetically distinct from
other forms of inherited renal carcinoma (e.g., von Hippel-Lindau disease, which
is caused by inactivation of the VHL gene — see Chapter 6). RCCP genes map to
several loci; one of each on 7q31.1-q34 encodes the c-Met oncoprotein (Schmidt
et al. 1997). In the original publication, missense mutations in the tyrosine kinase
domain of the MET gene were found both in the germlines of affected patients
and in a subset of sporadic papillary renal carcinomas. Additionally, tumors from
RCCP patients commonly show trisomy of chromosome 7 harboring non-random
duplication of the mutant MET allele (Zhuang et al. 1998). Since its initial discov-
ery, the MET gene has been found to have an important role in a wide variety of
malignancies, including lung cancer, head and neck cancers, and gastric cancers.
The following chapter focuses on the role of c-Met receptor and its cognate ligand
HGF in advanced stages of cancer progression.

Introduction

As a unique member of RTKs, c-MET and its ligand hepatocyte growth factor, also
known as scatter factor (HGF/SF), are pivotal for normal development, tissue regen-
eration, angiogenesis, growth, and cell motility/migration. c-MET overexpression,
amplification, or mutations in the tyrosine kinase domain, juxtamembrane domain,
and semaphorin domain alter the normal biological function leading to deregulated
or prolonged tyrosine kinase activity. Moreover, the disruptions of the cytoskele-
ton promote an invasive phenotype in c-MET-activated malignant cells. Herein,
the structure and biological function of the c-Met pathway will be highlighted.
Alternations in this pathway that allow for tumor growth in a variety of malignan-
cies including lung cancer will be discussed. By inhibiting the MET pathway and
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downstream signaling in these cells and also affecting angiogenesis, targeted ther-
apies to prevent tumor growth and invasion can be developed to be used alone or
in combination with standard therapies. A brief overview of potential therapies in
pre-clinical and clinical studies will be given at the end of the chapter.

MET Structure

As a prototypic member of a sub-family of RTKs which also include Ron and
Sea, MET receptor tyrosine kinase is a high-affinity a-p heterodimeric receptor
for hepatocyte growth factor/scatter factor (HGF/SF), which is produced by mes-
enchymal and epithelial cells to stimulate mobility (or scatter) (Jeffers et al. 1996).
Historically, MET was first described as an in vitro-activated oncogene after human
osteogenic sarcoma (HOS) line was treated with the chemical carcinogen N-methyl-
N-nitro-N-nitrosoguanidine (Cooper et al. 1984). The MET gene is 120 kb in length,
is on chromosome 7 band 7q21-q31, and consists of 21 exons that are separated by
20 introns (Liu 1998). MET transcription yields a 150 kDa polypeptide which is
initially partially glycosylated to produce a 170 kDa precursor protein. This pre-
cursor molecule is additionally glycosylated and then cleaved into a 50 kDa «
chain and a 140 kDa B-chain, linked by disulfide bonds (Liu 1998). The MET
B-chain contains structural components such as a semaphorin (Sema) domain, a
PSI domain (found within plexins, semaphorins, and integrins), four IPT repeats
(found within immunoglobulins, plexins and franscription factors), a transmem-
brane domain, a juxtamembrane (JM) domain, a tyrosine kinase (TK) domain, and
a carboxy-terminal tail region (Sattler and Salgia 2007) (Fig. 12.1). Together, MET
and HGF are crucial for normal development, and disruption of their regulation is
implicated in cancer growth (Bottaro et al. 1991).
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Fig. 12.1 Domain structure of the $-chain of the c-Met receptor



12 HGF/c-MET Signaling in Advanced Cancers 275
HGF Structure

The ligand for MET is hepatocyte growth factor (HGF). Originally discovered as a
potent mitogen for hepatocytes, HGF is disulfide-linked heterodimer composed of
62 kDa a-subunit (heavy) consisting of a 27 amino acid N-terminal hairpin domain
followed by four canonical kringle domains. These domains, which are important
for protein—protein interactions, are 80 amino acid double-looped structures sta-
bilized by 3 internal disulfide bridges (Comoglio 1993; Maulik et al. 2002b). The
high-affinity binding domain for MET is found within the first kringle domain. HGF
is kept near the vicinity of target cells by the low-affinity interaction between the
hairpin loop and the second domain binding sites for heparin sulfate proteogly-
cans(Maulik et al. 2002b). HGF is a plasminogen-related growth factor, and the
gene encoding HGF is about 70 kb on chromosome 7q21.1 with 18 exons and
17 introns (Seki et al. 1991). HGF contains six domains and binds to this sema
domain which is located in the cystein-rich Met-related sequence (MRS) (Maulik
et al. 2002b; Gherardi et al. 2006). The sema domain is a 500 amino acid extra-
cellular domain that is found in all semaphorins. Semaphorins are proteins that
control cell dissociation and repulsive events, similar to those seen during neural
development (Tamagnone and Comoglio 2000).

Biological Activity of the MET Pathway

When bound by HGF, specific tyrosine residues within the intracellular MET
region are autophosphorylated. Specifically, Tyr1234 and Tyr1235 residing in the
activation group of the tyrosine kinase domain activated MET. The tyrosine phos-
phorylation results in activation of adaptor proteins (Grb2, Shc, c-Cbl) and signal
transducers (PI-3-Kinase, STATs, ERK1 and 2, and FAK) similar to other RTKs;
however, signaling dependent on MET differs because there is a distinct mul-
tisubstrate docking site at the C-terminal region of the receptor and utilization
of a unique adaptor protein called Gabl (Fig. 12.2) (Christensen et al. 2005).
Phosphorylation of Tyr1349 and Tyr1356 within the C-terminus activates this mul-
tisubstrate docking site which thought to be crucial in MET-mediated mechanisms
(Furge et al. 2000). Interestingly, Gabl is necessary for a cell growth, differenti-
ation, tissue maintenance, and repair in the majority of MET-dependent pathways
(Gu and Neel 2003). This increased cellular proliferation and motility in tumor cells
can lead to metastasis.

The MET pathway is integral for the development of cytoskeleton, a network of
proteins located in the cytoplasm of eukaryotic cells that are crucial for cell struc-
ture, durability, growth, motility, and proliferation (Maulik et al. 2002b). A major
component of cytoskeleton is actin filaments, which are bound to each other and
to the cell via numerous accessory proteins such as integrins, focal adhesion pro-
teins FAK and paxillin, GTP-binding proteins, Crk and CRKL adaptor proteins,
and non-receptor kinases such as PI3-K and cadherin/catenin complexes (Maulik
et al. 2002b).
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Fig. 12.2 Signaling pathways downstream of c-Met receptor.

Defined as cell surface heterodimeric receptors, integrins bind to the extracellular
matrix and affect cell anchorage and adhesion, thereby controlling cell motility and
potential invasion (Hynes 1992). In certain cell populations, MET signaling utilizes
the PI3-K mechanism to stimulate cell adhesion on laminins 1 and 5, fibronectin,
and vitronectin which enhances invasion using multiple integrins including B1, B3,
B4, and B5. By activating integrin clustering, HGF signaling encourages invasion by
enhancing the binding between integrins to their ligands (Trusolino et al. 1998).
Finally, a monoclonal antibody against integrin a2 blocks the MET pathway-
mediated cell migration in Madin—Darby canin kidney cells, further suggesting the
importance of integrins for tumor metastasis (Lai et al. 2000).

In addition to actin filaments and integrins, focal adhesion kinases (FAK) also
assist in cell structure and cell signaling. HGF and activation MET can pro-
mote formation of these focal adhesions (Matsumoto et al. 1995). Interestingly, in
oral squamous carincoma cells, tyrosine phosphorylation of focal adhesion kinase
(p125FAK) by HGF has been implicated in the migration and invasion of these
malignant cells (Matsumoto et al. 1994). Overexpression of FAK stimulates cell
migration mediated by HGF. Furthermore, if FAK is mutated so it is unable to
activate PI3-K, cell proliferation by HGF is inhibited (Matsumoto et al. 1994). By
inhibiting this phosphorylation with herbimycin A, cell spreading and migration are
halted (Matsumoto et al. 1994). p125FAK, composed of a 125 kDA protein, and the
N-terminus is an integrin binding protein while the C-terminus focal adhesion tar-
geting and paxillin-binding domain (Schaller and Sasaki 1997). Paxillin is a 68 kDa
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structure, and tyrosine phosphorylated in response to HGF. Intriguingly, by bind-
ing to paxillin, oncogenes such as BCR/ABL and E6 may initiate cell proliferation
(Parr et al. 2001).

By providing a structural link between extracellular matrix and actin skeleton,
paxillin is a crucial element within focal adhesions of the actin cytoskeleton and
provides multiple docking sites for a wide variety of signaling and structural pro-
teins including tyrosine kinase receptors (Salgia et al. 1999; Hagel et al. 2002).
Overexpression of paxillin has been associated with an aggressive tumor phenotypes
(Kurayoshi et al. 2006). Increased paxillin allows for oncogene binding and trans-
formation. Furthermore, somatic mutations within paxillin, such as A127T, are not
only associated with MET amplification but also promote proliferative tumor growth
and muscle invasion in non-small cell lung cancer cells; however, these paxillin
mutations are not frequently seen in other tumor types (Jagadeeswaran et al. 2008).
Because of the paxillin/MET overexpression is associated with tumor growth, this
pathway is a new promising target in cancer therapy.

As members of the ras oncogene super family, small guanosine triphosphate
GTP-binding proteins such as Rho, Rac, and Cdc42 are important for growth
factor-mediated cell movement. These proteins are activated when bound to GTP.
Specifically, assembly of stress fibers and focal adhesions incorporate Rho while
Rac is required for actin polymerization. Finally, Cdc42 is involved with filopo-
dia formation. Stimulation of Cdc42 and Rac results in Rho activation which can
promote oncogenic transformation (Nobes and Hall 1999). Furthermore, recent evi-
dence suggests patients with ras mutations confer a resistance to tyrosine kinase
inhibitors targeting the epidermal growth factor pathway such as gefinitib and
erlotinib (EGFR TK inhibitors) (Bergot et al. 2007). Because ras-mutated cells
demonstrate an upregulation of MET and disrupting the HGF/SF signaling can sup-
press the ability of tumor cells to form metastasis, suggesting MET inhibitors could
overcome resistance to EGFR TK inhibitors in patients with ras mutations (Furge
et al. 2001).

Adapter proteins such as Crk and CRKL also are vital for MET-mediated cell
motility and migration (Uemura et al. 1997). Both proteins are composed of SH2
and SH3 domains and attache to phosphorylated Gabl (Grb2-associated binding
protein-1), which is a large adapter protein that binds to MET via the Met-binding
domain (MBD) and Grb2. Crk stimulated Gabl in response to MET, but not other
tyrosine kinases, suggesting the importance of sustained tyrosine phosphorylation
of Gab1 in tumor invasion (Sakkab et al. 2000).

As anon-receptor tyrosine kinase, phosphoinositide 3-kinase (PI3-K) plays a sig-
nificant role in mitogenesis, cell transformation, and other tyrosine kinase-mediated
cellular events (Cantrell 2001). It is heterodimer containing a p85 regulatory sub-
unit which is an adapter while the p110 catalytic subunit binds protein tyrosine
kinases (Cantrell 2001). In human glioblastoma cells, the HGF-mediated protection
against cell death can be suppressed by inhibitors of PI3-K such as LY249003 and
wortmannin (Bowers et al. 2000).

Cytoplasmic proteins called catenins bind with transmembrane proteins E-
cadherins. This complex aids the actin cytoskeleton to uphold cell-cell adhesions.
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Tyrosine phosphorylation of p-catenin occurs via MET activation by HGF alter-
ing cell—cell adhesions (Nabeshima et al. 1998). When stimulated by HGF prostate
cancer cells demonstrate E-cadherin, p-catenin and MET at sites of cell-cell con-
tact, suggesting the importance of these complexes in cell adhesion and metastasis
(Davies et al. 2001).

Previously, MET mutants have utilized mouse models to study the role of this
pathway in context of the whole organisms. Recently, nematode C. elegans has
proven to be an alternative model organism to study MET mutations (Siddiqui
et al. 2008). Furthermore, mutant human MET forms correlated with significantly
low fecundity and abnormal vulval development characterized by hyperplasia. In
addition, carcinogens enhanced mutant MET function expressed in C. elegans trans-
genic animal models. The C. elegans model provides a rapid method to assess the
role of specific gene mutations in the context of the whole organism.

Angiogenesis

Angiogenesis (formation of new blood vessels) plays a key role in cell growth nor-
mal cell proliferation is highly controlled through apoptosis or programmed cell
death. When the delicate equilibrium between proliferation and apoptosis is dis-
rupted, cells can accrue in excess numbers arising into tumors. Evidence suggests
that oxygen and nutrients can diffuse into a tumor mass when it measures less
than 0.5 mm in diameter; however, the proliferation and morphogenesis of vascular
endothelial cells resulting in new blood vessels is required for a tumor mass beyond
0.5 mm in diameter (Fidler et al. 2002). HGF stimulates MET endothelial expres-
sion and promotes migration, proliferation, and invasion (Rosen et al. 1990, 1997)
Vascular endothelial growth factor (VEGF), IL 8, and other pro-angiogenic factors
are upregulated by HGF in tumor and smooth muscle cells while anti-angiogenic
factors such as thrombospondin 1 are downregulated (Van Belle et al. 1998; Zhang
et al. 2003). Two other critical pathways for biologic activity include the ERK,
which controls mitogenesis, and phosphotidyllinositol-3-OH kinase (PI3K), which
regulates MET-dependent cell survival and promotes angiogensis (Liu et al. 2007)
(Xiao et al. 2001).

As the vasculature grows and interacts with smooth musculature, the network
of vessels allows local and systemic to traffic oxygen, hormones, and nutrients
needed for cell proliferation. In mature cells, angiogenesis is essential for tissue
repair and hemostasis. Overt angiogenesis can result in not only malignancy but also
atherosclerosis, arthritis, and diabetic retinopathy (Griffioen and Molema 2000).
Growth factors promote the binding of cell surface molecules to the extracellular
matrix enabling tissue stabilization. Interrupting tumor growth by limiting angio-
genesis may be a potent inhibiting subsequent metastasis. Therapies disrupting this
process have become increasing attractive targets in oncology.

Metastasis occurs as the tumor cells disrupt the extracellular milieu,
thereby increasing motility through cytoskeletal remodeling and integrin-mediated
responses by the attachment of cancer cells to the extracellular matrix. Proteases
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degrade the basal laminar components enabling motile cells to alter integrin-
mediated pathways within the extracellular matrix (Jafri et al. 2003). By producing
new capillaries, angiogenetic factors allow the tumor to grow and spread by enter-
ing the circulation via fragmented basement membranes (Maulik et al. 2002b).
Tumor cells metastasize through lymphatic and circulatory vessels, and as the
tumor adheres to the organ’s capillary beds, the tumor invades the organ itself.
Studies suggest that different cancers metastasize using different mechanisms. By
understanding these pathways, targeted therapies may be developed (Cattley and
Radinsky 2004).

HGF increases the expression of VEGF and initiates angiogenesis in a paracrine
manner (Wojta et al. 1999). While VEGF inhibitors have been clinically useful
to treat cancer, MET inhibitors are currently under development. Furthermore, in
vitro studies suggest that while selective VEGF inhibitors such as PTK 787 block
VEGF-induced angiogenesis, HGF can still induce angiogenesis independently,
perhaps through the activation of mitogen-activated protein kinase (MAPK or
ERKSs) and PI3K (AKT) cascades (Sengupta et al. 2003). Both of these cascades
have been implicated in the initiation of angiogenesis (Eliceiri et al. 1998). This find-
ing suggests that while VEGF inhibitors like bevacizumab have already proved to
have clinical activity, development of MET/HGF inhibitors may enhance treatment
against tumor-expressing HGF by suppressing VEGF independent pathways.

Alterations of MET in Malignancies

While the complexities of MET and HGF are not fully understood, but both are
expressed in most carcinomas. Uncontrolled MET activation in cell lines results in
highly invasive and metastatic tumors. The importance of MET pathway in a variety
of tumors is highlighted below.

Missense mutations of MET have been demonstrated in families with hereditary
papillary renal cell carcinoma and the pathway’s role in oncogenesis makes it an
important novel drug target (Schmidt et al. 1998). Von Hippel-Landau tumor sup-
pressor genes regulate cell-cycle cessation and the expression of various mRNAs
such as for vascular endothelial growth factor. Malignant cells that are VHL neg-
ative possess decreased levels of tissue inhibitor metalloproteinase (TIMP) 1 and
2 but increased levels of matrix metalloproteinases 2 and 9, which promote an
invasive phenotype. If renal cell carcinoma cells express the von Hippel-Landau
(VHL) tumor suppressor gene, these malignant cells are immune to HGF signal-
ing for invasion and branching (Koochekpour et al. 1999). Furthermore, germline
missense mutations in exon 16 in the tyrosine kinase domain have been detected.
Additionally, three MET gene mutations were found within the codons that are
found in proto-oncogenes, c-KIT and RET, which targets naturally occurring muta-
tions. This evidence proposes that missense mutations arise in activation of the MET
protein and papillary renal carcinomas (Schmidt et al. 1997).
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Importance of MET in Lung Cancer

As the leading cause of cancer-related mortality, lung cancer accounts for more
deaths in the United States than breast, colon cancer, and prostate cancer combined
(Jemal et al. 2007). While the earlier the stage of non-small lung cancer usually
correlates with a better prognosis, there are certain discrepancies, suggesting stage
alone is not a completely accurate predictor of survival. Even among patients that
were resected, recurrence was noted on an average 41% of patients with a 11.5
month median time of recurrence after surgery. There was only a 8-month median
survival after recurrence observed (Sugimura et al. 2007). Additionally, patients pre-
senting with metastatic non-small cell lung cancer have a dismal 5-year survival rate
of approximately 1%(Adebonojo et al. 1999).

In non-small cell lung carcinoma, adenocarcinomas have routinely expressed up
to three times the normal levels of MET (Liu and Tsao 1993). In 42 samples ana-
lyzed, a quarter of the samples demonstrated significant MET overexpression; HGF
was overexpressed 10—100-fold more than controls (Olivero et al. 1996). Moreover,
resected tumors demonstrating MET expression were found to have a higher tumor
stage and correlated with a poorer outcome than those tumor that did not (Ichimura
et al. 1996). Out of 131 cases of small-sized lung adenocarcinomas, 69 possessed
MET positive myofibroblasts and were associated with poor survival rate in all
stages (Tokunou et al. 2001). Multivariate analysis suggests MET had a signifi-
cant effect on the prognosis; a similar correlation with HGF was not appreciated
(Takanami et al. 1996). However, evidence suggests that elevated HGF in non-
small cell lung cancer may still predict a more aggressive tumor type (Siegfried
et al. 1998). In addition, in non-small cell lung cancer, tumor MET and HGF
elevation indicate a poor prognosis (Siegfried et al. 1997). Mutations in the jux-
tamembrane domain lead to augmented tumorigenicity, enhanced cell motility, and
increased downstream signaling (Ma et al. 2003). This phenomenon allows for a
enhanced response to small molecule inhibitors (Ma et al. 2005a). Carriers of these
mutations may have altered risk for lung cancer.

Small cell lung cancer (SCLC) is a malignant neoplasm that carries an extremely
poor prognosis. The 5-year survival is less than 10% (Murray et al. 2004). This
tumor is classically located within the main stem bronchus. This aggressive tumor
easily spreads to liver, adrenal glands, brain, and bone and often is metastatic
upon presentation. In addition, certain paraneoplastic syndromes such as produc-
tion of inappropriate antiuretic hormone (SIADH), ectopic Cushing’s syndrome, and
Lambert—Eaton myasthenia syndrome are found in SCLC (Ellison and Berl 2007).
SCLC is either staged as limited or extensive stage. A third of patients have lim-
ited stage disease is confined to the thoracic cavity and is treated with standard
chemotherapy with radiation while patients with extrathoracic disease are con-
sidered to be extensive stage and are treated with chemotherapy alone. While
chemotherapy such as cisplatin and etoposide can achieve a partial or complete
response, the rate of recurrent is high. There is a dire need for novel therapy because
despite over two decades of research, the median survival remains at 8—10 months
(Chute et al. 1999).
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Evidence suggests MET pathway is overexpressed in both SCLC and non-small
cell lung cancer (Maulik et al. 2002b). Activation of MET with HGF activates sev-
eral pathways crucial for cell proliferation including cytoskeletal proteins such has
paxillin and FAK. In addition, overexpression of MET is seen in 67% adenocarci-
nomas and 35% of SCLC (Ma et al. 2005a). Specifically, 10% of mutations occur
outside the tyrosine kinase domain in the juxtamembrane domain or semaphorin
domain, which binds HGF and is vital for receptor activation (Ma et al. 2003). It
is hypothesized that HGF is manufactured by mesenchymal cells within the tumor,
thereby acting on MET receptors on epithelial cells in a paracrine activation loop
(Tokunou et al. 2001). HGF stimulation of H69 SCLC line resulted in cells with
increased membrane ruffling, clustering, and filopodia formation, thus changing cell
motility and furthering disease state (Maulik et al. 2002a). Additionally, when PHA-
665752, a small molecule, ATP competitive inhibitor of the catalytic activity of the
MET kinase, was added to these cell line nude mouse xenografts, angiogenesis was
inhibited by greater than 85% (Puri et al. 2007).

Head and Neck Cancer

Furthermore, evidence suggests MET activation is selected during metastatic pro-
gression of head and neck squamous cell cancer (HNSCC) (Di Renzo et al. 2000).
Additional studies indicate MET mutations found in lung metastasis from HNSCC
predicted poor response to radiotherapy and decreased progression-free survival
(Lorenzato et al. 2002). Moreover, MET expression and mutation correlates with
resistance to radiotherapy in head and neck squamous cell carcinoma (Aebersold
et al. 2001, 2003)

Gastrointestinal Malignancies

In gastric carcinoma, amplification of MET not only has been detected but also is
associated with an advanced tumor stage and correlated with a poorer prognosis.
Moreover, out of the gastric lines studied, 38% of the scirrhous gastric carcinoma
tissues demonstrated MET amplification, suggesting MET may play a vital role in
this tumor type’s carcinogenesis (Kuniyasu et al. 1992). Additional studies indicate
that in 16 out of 31 gastric carcinoma tissues, overexpression of 6.0 kb transcription
of MET has been detected and additionally, associated with advanced tumor stage,
lymph node metastases, and depth of invasion (Kuniyasu et al. 1993). Interestingly,
no aberrant single-strand conformational polymorphism patterns were detected in
43 cell lines, indicating perhaps there are no genetic alterations in the kinase domain
of the Met gene and the receptor structure is maintained; but instead, HGF-mediated
stimulation and overexpression result in over-development and progression of gas-
tric carcinoma (Park et al. 2000). Finally, a novel germline missense mutation
P10009S has been detected in patients with gastric carcinoma (Lee et al. 2000).
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Interestingly, while MET dysregulation was usually not found in primary colon
cancer, it has been overexpressed in liver metastasis (Zeng et al. 2004). Similar find-
ings have been reported in gastric cancer and breast cancer (Kaji et al. 1996; Beviglia
et al. 1997). MET activation in cancer can occur through multiple different mecha-
nisms. Elevated expression of MET has been identified in a wide variety of cancers
including lung, breast, prostate, gastric and colorectal, pancreatic, and renal carci-
noma (Maulik et al. 2002b). Tumor-secreted growth factors and activation of ras
oncogenes upregulate MET expression in cancer (Furge et al. 2001). Alternatively,
elevated tumor or plasma HGF is found in multiple cancers and is overexpressed
in stroma cells, such as fibroblasts and endothelial cells, stimulated by tumor cell
secreted cytokines and growth factors (Gohda et al. 1994). Ligand-independent
activation of the pathway secondary to selected MET mutations or truncations,
hypoxia-induced pathway activation, transactivation by EGFR receptors, or the loss
of negative regulators, all partially bypass the need for HGF activation in the MET
pathway (Christensen et al. 2005).

Receptor Tyrosine Kinases as Therapeutic Targets

Receptor tyrosine kinase (RTK)-targeted therapies has revolutionized the treatment
of certain malignancies. They work by different mechanisms, including but not lim-
ited to the disruption of angiogenesis. For example, inhibiting cellular proliferation
and tumor formation by BCR/ABL-expressing cells with imatinib has profoundly
changed the treatment of chronic myelogenous leukemia (O’Brien et al. 2003). In
these newly diagnosed patients, elevated levels of vascular endothelial growth factor
(VEGF) are found in the bone marrow, and imatinib lowers the level of VEGF and
interferes with tumor angiogenesis (Legros et al. 2004). Imatinib also blocks signal-
ing via the tyrosine kinase receptor c-KIT pathway by binding to the ATP-binding
pocket required for phosphorylation. This phenomenon, combined with decreased
levels VEGF and angiogenesis, translated into a dramatic tumor response in patients
with metastatic gastrointestinal stromal tumors, which were previously felt to be
chemotherapy resistant (Joensuu et al. 2001; McAuliffe et al. 2007). Clearly, ima-
tinib demonstrates how targeting RTKs may have a potent clinical impact in a wide
variety of malignancies and highlights the need to investigate other tyrosine kinases
such as MET.

Inhibition of the MET Pathway as Targeted Therapy

Multiple agents inhibiting the MET pathway have been investigated as possible
therapeutic targets (Table 12.1). It is thought that inhibition of MET kinase activ-
ity reduces cell growth and induces Gl cell-cycle arrest and apoptosis. Small
interference RNA (siRNA) against MET have decreased cell growth and aug-
mented apoptosis in lung cancer cell lines by suppressing the MET pathway (Ma
et al. 2005a). Small molecule inhibitors such as SU11274 are effective against
activated MET cells but not with cells with activated ABL and JAK2 (Sattler



12 HGF/c-MET Signaling in Advanced Cancers 283

Table 12.1 List of current MET inhibitors in clinical trials

Mech. of
Compound inhibition Phase of study ~ Tumor types Company
AMG102 Anti-HGF 11 Renal cell Amgen, Inc.
Antibody carcinoma,
malignant
glioma
ARQI197 MET I Pancreatic cancer Arqule, Inc.
(small molecule)
MetMAb Anti-MET I Advanced solid  Genentech, Inc.
Antibody tumors
PF02341066 MET, ALK I Solid tumors, Pfizer, Inc.
(small molecule) Anaplastic
large-cell
lymphomas
SGX523 MET 1 Advanced SGX
(small molecule) malignancies Pharmaceuticals
XL184 MET, VEGFR2, 1 Advanced Exelixis, Inc.
(small molecule) RET malignancies
(lymphoma,
cancer, thyroid
cancer)
I/1 NSCLC
(w/erlotinib)
XL880 MET, VEGFR2 11 HNSCC, gastric  Exelixis, Inc.
(small molecule) cancer,

papillary renal
cell carcinoma

et al. 2003). Additional specific MET inhibitors include PHA66752 which inhibits
MET-dependent effects in tumor cells. PHA665752 is a prototype ATP competi-
tive inhibitor of the catalytic kinase activity of the MET pathways. It has also been
active against several solid tumors (Christensen et al. 2003). When it is introduced
to IL 3-dependent mutant c-MET BaF3 cells, it inhibited cell growth with an IC s
< 0.06 pwmol/L, while SU11274 inhibited IL-3 independent cell growth in a dose-
dependent manner with IC 59 <3 pmol/L suggesting PHA66752 was more potent
(Sattler et al. 2003; Ma et al. 2005b).

Additionally, when mTOR inhibitor rapamycin was combined with PHA66752,
it showed a cooperative inhibition to reduce growth of BaF3 cells and MET-
expressing H441 non-small cell lung cell (NSCLC) cells (Ma et al. 2005b).
Rapamycin (sirolimus) was approved in 1999 as an immunosuppressant to pre-
vent transplant rejection; however, it also has antitumor activity in a multitude of
cancers (Luo et al. 2003). Another innovative approach is utilizing a modified anti-
HGF antibody to inhibit HGF binding to MET. AMG 102 potentiates the effect of
temozolomide or docetaxel in U-87 MG (human glioblastoma-derived containing
HGF/MET autocrine loop) cells (Jun et al. 2007). Multiple other inhibitors including
PF2341066, X1.880, XL.184, ARQ197, and SGX523 are under clinical investigation
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Phase I and Phase II trials. Moreover, antibodies against MET (known as MetMab)
are in Phase I clinical trials in advanced solid tumors. Even though the trials are
early, one also has to be very cautious. As an example, Phase I trial for SGX-523
have recently halted due to unexpected toxicity.

Anisomycin antibiotics inhibit HGF-mediated plasmin activation in canine
kidney cells. These geldanamycin decrease MET expression and prevent HGF-
mediated cell motility and subsequent invasion at nanomolar concentrations nine-
order below their growth inhibitory concentrations. Furthermore, NIH3T3 cells
altered by Met mutations convert to the normal phenotype when treated with gel-
danamycins (Webb et al. 2000). Of note, geldanamycin downregulate tyrosine
kinase pathways by decreasing the number of cell signaling pathways by direct inhi-
bition of the heat shock protein 90 chaperone function, resulting in client protein
destabilization (Neckers et al. 1999).

Evidence indicates that an engineered Met receptor that has impaired ability to
bind to HGF will result in a loss of transforming activity, suggesting the pathway is
ligand dependent (Michieli et al. 1999). As a competitive agonist of HGF, pro-HGF
is the inactive precursor molecule that binds but does not activate the MET pathway.
Therefore, these precursor molecules are potential HGF antagonists that may even-
tually become clinically useful. For example, NK (N-terminal hairpin domain and
Kringle domain) has four variants and NK2 is a naturally occurring alterative-sliced
form of HGF that inhibits growth but stimulates the metastasis of melanoma cells in
bitransgenic mice (Otsuka et al. 2000). As a truncated HGF consisting only of the
a-chain, NK4 binds to MET without activating it. In the laboratory, alterated HGF
motility and invasion of HT115 human colorectal cells has been observed when
treated with NK4 (Parr et al. 2000). Furthermore, NK4 can inhibit paxillin phos-
phorylation and decrease matrix invasion in prostate cancer (Jiang et al. 1999). NK
inhibitors antagonize the binding of HGF and disrupting the autocrine or paracrine
activation of the MET receptor. Alternatively, a phase I clinical trial with AMG
102, a fully humanized anti-HGF antibody, was found to enhance the efficacy of
temozolomide or docetaxel in U-87 MG (human glioblastoma-derived containing
HGF/MET autocrine loop) cells and phase I and phase II trials are underway (Jun
et al. 2007).

While targeted therapies such as erlotinib are already utilized in clinical prac-
tice, resistance is often observed in patients. However, evidence suggests that MET
amplification occurs in such patients with acquired resistance to erlotinib, thus mak-
ing MET inhibition a potential and important treatment target (Bean et al. 2007).
XL184 is an orally bioavailable inhibitor of RET, MET & VEGFR?2 that strongly
inhibits cell proliferation. Recently, a phase I study demonstrated that 55 patients
with advanced malignanices, including medullary thyroid cancer, tolerated XL
184 well. Overall, 22 patients achieved stable disease for greater than 3 months.
Additionally, 12 patients were found to have stable disease for greater than 6
months. Three patients with medullary thyroid cancer were found to have a par-
tial response. Therefore, this phase I study will be expanded to include an additional
20 medullary thyroid patients (Salgia et al. 2008).
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Other Pre-clinical Targets

In vivo studies indicate that peptides derived from c-MET receptor tail bind and
subsequently inhibit HGF-mediated phosphorylation in the C-MET pathway with-
out altering other pathways, such as VEGF (Bardelli et al. 1999). These peptides
inhibit kinase on A549 cells and decrease HGF-mediated invasive growth by half.
Other promising peptides include those derived from the kinase activation loop with
N-terminal sequence from the Antennapedia protein for internalization or located
within carboxy-tail of c-MET (Bardelli et al. 1999).

Effector proteins such as Grb2 are able to activate c-MET and induce Ras-MAP
kinase signaling which stimulates c-MET-mediated events such as cell proliferation,
shape change, and motility (Atabey et al. 2001). Activated c-MET directly binds
to Grb 2 via the multisubstrate docking site on Src homology 2 (SH2) domain.
In addition, Grb 2 indirectly interacts with c-MET using SHC adaptor proteins
(Atabey et al. 2001). Tripeptide-based inhibitors of Grb2/SH2 domain potentiates
anti-motility agents, suggesting these compounds may become clinically important
in decreasing metastasis.

Because of direct interaction with c-MET via Y1349 and Y1356, the tyrosine
kinase c-Src is crucial for cell migration and subsequent transformation (Rahimi
et al. 1998). In vivo, when c-Src lacks both kinase activity (K295R) and a reg-
ulatory tyrosine residue (Y527F), cells have significantly reduced c-Src kinase
activity. Additionally, blockade of HGF-induced motility and colony growth are
noted (Rahimi et al. 1998). It is hypothesized that this inhibition is secondary to
decreased phosphorylation of paxillin and focal adhesion kinase and that did not
interfere with Grb2 binding.

Similar to insulin receptor substrate-1, Gabl is a member of adapter proteins
containing an N-terminal pleckstrin homolog (PH) that binds the membrane lipid
phosphatidylinositol 3,4,5-triphosate (PIP3), which holds 16 tyrosine phosphoryla-
tion sites and promotes sustained activation, possibly for branching morphogenesis
(Gual et al. 2000). These sites bind SH2 domain possessing signal transducers
and C-terminal proline-rich c-MET-binding domain (MBD) (Sachs et al. 2000).
Furthermore, Gab1 can indirectly interact with c-MET via Gab2 because the SH3
domains of Grb2 are bound by MBD. If cells are treated with okadaic acid, a
potent inhibitor of serine/threonine protein phosphatases PP1 and PP2, the activa-
tion of serine/threonine kinases PKC-a and PKC-B1 occurs and disrupts Gab1-SH2
signalizing, thus inhibiting HGF-induced pathways (Gual et al. 2001).

Wortmannin inhibits phosphotidyllinositol-3-OH kinase (PI3K), thus downreg-
ulating branching formation on collage matrix (Derman et al. 1995). Specifically
in A549 non-small cell lung cancer cells, dominant negative Rac microinjections
inhibit HGF-mediated spreading and actin reorganization (Graziani et al. 1993).
Furthermore, microinjections of rhoGDI, an inhibitory GDP/GTP exchange pro-
tein for rho p21 small GTP-binding protein, inhibit HGF-mediated spreading and
scattering (Takaishi et al. 1994).
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Conclusions

¢-MET and its ligand HGF are crucial for normal cell proliferation and motility;
however, evidence indicates that c-MET stimulation enhances tumor angiogenesis,
invasion, and metastasis in certain malignancies. Because of the importance of c-
MET in cytoskeleton structure, activation of this pathway in cancer cells suggests
a more aggressive and invasive phenotype of malignancy especially in lung cancer.
Downregulating the c-MET pathway may prove to be an ideal target for clinical ther-
apeutics leading to a spectacular inhibition of cancer growth and METastasis in a
wide variety of malignancies. Multiple pre-clinical and clinical studies are utilizing
multiple mechanisms to inhibit the c-MET pathway and interrupt tumor angiogene-
sis. These targeted therapies may be combined with standard or other novel therapies
and further clinical trials are warranted.
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Chapter 13
Contribution of ADAMs and ADAMTSs

to Tumor Expansion and Metastasis

Antoni Xavier Torres-Collado and M. Luisa Iruela-Arispe

Cast of Characters

Inactivating mutations in extracellular protease-encoding genes are a recent and
somewhat surprising finding, since these enzymes were long believed to be promot-
ing tumor cell detachment and invasion. However, in recent years several inhibitory
roles in cancer progression have been attributed to matrix metalloproteinases and
also members of the adamalysin family. In a recent comprehensive genetic screen
of breast and colorectal cancer mutations, loss-of-function mutations were found
in ADAMI12 (Dyczynska et al. 2008), ADAMTS15, and ADAMTS18 (Sjoblom
et al. 2006). Additionally, local copy number alterations involving deletions of
ADAMTS20 were detected in glioblastoma multiforme (Cancer Genome Atlas
Research Network 2008), and ADAM23, a possible tumor suppressor gene, is fre-
quently silenced in gastric cancers by homozygous deletion or aberrant promoter
hypermethylation (Takada et al. 2005). The mechanisms underlying the involvement
of ADAM and ADAMTS proteins in tumor progression are reviewed below.

Introduction

Tumor expansion requires invasion of surrounding stroma, which is frequently asso-
ciated with destruction of parenchyma and remodeling of the extracellular matrix.
The process is greatly assisted by the catalytic activity of extracellular proteases
which facilitate migration, mediate release of matrix-bound growth factors, and
expose cryptic matrix sites for adhesion (Fig. 13.1). Thus it is intuitive to predict that
extracellular proteases participate in the process of tumor expansion and metastatic
spread, but in addition, they also partake in the regulation of tumor angiogenesis
and in the process of immunological surveillance. Therefore, their net contribution
to the process of tumorigenesis is broad and continuous.
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Fig. 13.1 Possible effects of ADAMs and ADAMTSs in cancer. Our understanding of the con-
tribution of adamalysins to cancer progression and metastasis has expanded significantly in the
last 5 years. These proteases provide both pro- and anti-tumor effects depending on the avail-
ability of substrates and on the dependency of these substrates for tumor growth. A — ADAMs
promote shedding of a large number of membrane-anchored proteins, including growth factors.
Consequently, ADAM-mediated activation of growth factors can increase signaling of cell surface
receptors and enhance tumor cell proliferation. B — ADAMs and ADAMTSs are involved in the
proteolytic remodeling of signaling molecules and in the release of growth factors from extracel-
lular stores. C — Metastatic events and epithelial-to-mesenchymal transitions can be facilitated by
adamalysins through cleavage of cell—cell adhesion molecules (e.g., E-cadherin). D — ADAM and
ADAMTSs also modulate angiogenesis in a positive and negative manner

Approximately 2% of human genes code for proteases or protease inhibitors,
representing a wide range of possible therapeutic targets for tumors and other
pathologies (Overall and Kleifeld 2006; Turk 2006). The difficulty in therapeutic
exploration has resided in the complex nature of the biological functions performed
by these proteases, many involved in homeostatic physiology of tissues and the
overlapping nature of their catalytic activities.

Proteases are frequently classified based on their enzymatic properties and
include aspartic, metallo, cysteine, serine, and threonine proteases. Matrix met-
alloproteases (MMPs) have been without doubt a major focus of study in can-
cer biology. The family comprises two major groups: matrix metalloproteinases
(MMPs) and adamalysins (ADAMs and ADAMTSs). The implication of MMPs
in cancer progression has been extensively and elegantly reviewed (Egeblad
and Werb 2002; Overall and Lopez-Otin 2002; Fingleton 2006; Overall and
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Kleifeld 2006; Lopez-Otin and Matrisian 2007; Page-McCaw et al. 2007). This
chapter will focus on a second, rapidly emerging group of extracellular enzymes:
the adamalysins. Many of these enzymes have been identified and cloned only in
the last 5 years, and yet, they have quickly become recognized as significant con-
tributors to cancer progression and metastasis. Here, we will first provide a general
overview of their molecular features and biological activities and will subsequently
summarize the body of literature associated with ADAMs/ADAMTSs in cancer.

Adamalysins: ADAM and ADAMTS Proteases

The adamalysins comprise a group of extracellular enzymes with structural features
that include disintegrin and metalloprotease domains. Two major subgroups of pro-
teases are included in the adamalysin family: the membrane-anchored ADAMs (A
Disintegrin And Metalloprotease) and the secreted ADAMTSs (A Disintegrin And
Metalloprotease with Thrombospondin repeats). The presence of a zinc-dependent
metalloprotease domain places these enzymes within the superfamily of metz-
incins that also includes matrixins (MMPs), astacins, and serralisins (Kaushal and
Shah 2000). Adamalysins also display structural features (disintegrin domains) sim-
ilar to the reprolysin family of snake venomases. However, the disintegrin domain
of ADAMs and ADAMTSs does not appear to display functional analogy to that
of snake venom proteases; that is, this region does not compete with endogenous
matrix proteins for biding to integrins. In some circumstances, however, ADAMs
and ADAMTSs have been shown to support binding and spreading of cells in
an integrin-dependent manner. Adamalysins also interact with several extracellu-
lar proteins in the absence of catalysis and thus, participate in the formation, rather
than in the destruction of the extracellular matrix. Although at first face this appears
paradoxical, the activity of adamalysins is under tight regulatory control and their
presence in the extracellular milieu does not necessarily translate into proteolytic
activity.

The ADAM family of proteinases includes 38 distinct membrane-anchored pro-
teins with multiple roles in cell-cell and/or cell-matrix interactions, in addition to
their anticipated functions in processing and/or degradation of substrates (Wolfsberg
et al. 1995a, 1995b; Primakoff and Myles 2000; Seals and Courtneidge 2003; Rocks
et al. 2008). Members of this family have a unique structural organization includ-
ing prodomain, metalloprotease, disintegrin-like, cysteine-rich, epidermal growth
factor-like, transmembrane, and cytoplasmatic domains (Fig. 13.2).

ADAMTS comprises the secreted arm of the adamalysin family. The 19 members
of this group display the same domain structure as ADAMs except for the transmem-
brane region. In addition, ADAMTSs show a variable number of thrombospondin
(TSR) repeats in the C-terminal half of the protein. The TSR domains facilitate
interaction with the extracellular matrix and, in some cases, convey independent
functions once cleaved from the parental protein (Kuno and Matsushima 1998;
Rodriguez-Manzaneque et al. 2000; Tang 2001; Luque et al. 2003; Lee et al. 2006).
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Fig. 13.2 Modular structure displayed by ADAMTS, ADAM, and MMPs. Red arrowhead repre-
sents the consensus furin-recognition site and the star the consensus sequence for the zinc motif in
the catalytic domain. SP, signal peptide; pro, prodomain; metallo, matalloproteinase domain; disint,
disintegrin-like domain; TSR, thrombospondin repeats; spacer, spacer region; Cys, cysteine-rich
region; EGF, epidermal growth factor-like domain; TM, transmembrane region; cyt, cytoplasmatic
tail; hinge, hinge region; hemopexin, hemopexin domain

Prototypical Structure of ADAMs and ADAMTS

All adamalysins have a signal peptide sequence (SP) that directs them to the secre-
tory pathway. The SP is followed by a prodomain that keeps the enzyme in a
zymogen state (latent). Removal of this region through proteolytic processing is
generally mediated extracellularly by another enzyme and unveils the catalytic
function of the adamalysins. Most adamalysins also have a furin-recognition site
(RXXR sequence) that is targeted by furin-like proprotein convertases in the secre-
tory pathway and that participates in the intracellular activation of some ADAMS
(ADAMS9, 12, 15, and 17). The catalytic domain, also known as the metal-
loprotease domain, contains a zinc motif (HEXXHXXG/N/SXXHD) typical of
reprolysins and a methionine in the sequence V/IMA/S, or “Met-turn,” under the
third histidine that facilitates the interaction with zinc.

The disintegrin domain follows the metalloprotease domain. While in snake
venom proteases this domain binds to integrins through an RGD motif
(Perutelli 1995), in adamalysins the disintegrin domain is frequently folded and not
available for binding to cells (Takeda et al. 2006), but in some cases, other regions
of the molecule might contain RGD repeats and interact with integrins. This domain
is followed by a cysteine-rich region of unclear function.

The carboxy terminal half of ADAMs includes EGF-like structural domains, a
transmembrane region and a cytoplasmic tail with SH3 binding sequences, and a
variable number of phosphorylation sites indicative of signaling functions. Figure
13.2 shows the structural features of ADAMs in comparison to that of ADAMTSs
and MMPs.

As mentioned previously, ADAMTSs lack the transmembrane region and the
signaling features present in the intracellular domain of ADAM proteases; instead,



13 Contribution of ADAMs and ADAMTSs to Tumor Expansion and Metastasis 297

they exhibit a spacer region followed by a variable number of TSR repeats.
The number of TSR domains can range from none (e.g., ADAMTS4) to 14
(e.g., ADAMTS20 and the longer isoform of ADAMTS9) (Tortorella et al. 1999;
Llamazares et al. 2003; Somerville et al. 2003). These domains interact with a
variety of proteins that participate either as cofactors in their catalytic activity or
facilitate the interaction of these molecules with the extracellular matrix (Kuno
and Matsushima 1998; Rodriguez-Manzaneque et al. 2000; Lee et al. 2005; Torres-
Collado et al. 2006). In addition, some members of the ADAMTS family have one
or two additional C-terminal motifs such as mucin domains (e.g., ADAMTS7 and
12), GON domains (ADAMTS9 and 20), CUB domains (e.g., ADAMTS13), and/or
PLAC domains (e.g., ADAMTS?2, 3, 10, 12, 14, 17, and 19).

Contributions of ADAMs to Tumor Growth and Metastasis

ADAMs participate in diverse biological processes that range from fertilization (Eto
et al. 2002) to adipogenesis (Masaki et al. 2005). This is not surprising consider-
ing their multidomain structure and their wide range of expression patterns during
development and in the adult. Under pathological settings, however, ADAMs are
better known for their function as inducible shedasses, that is, enzymes that medi-
ate cleavage of cell surface proteins. In particular, ADAM17, also known as TACE
(TNF-alpha Converting Enzyme), promotes the shedding and activation of many
growth factors including TNF-alpha, TGF-alpha, and HB-EGF (Black et al. 1997;
Moss et al. 1997; Sahin et al. 2004) and receptors such as Notchl (Qi et al. 1999).
Furthermore, ADAMs also mediate cleavage of cell-cell adhesion molecules and
basement membrane proteins including type IV collagen, both critical events in the
epithelial-mesenchymal transition of invasive carcinomas. Thus, it is not surprising
that the academic and private sector have invested significant efforts to elucidate
the specific contributions of ADAMs in tumor growth and metastatic events. Here,
we will take a systematic analysis and summarize the current information available
for ADAMSs in cancer biology. Table 13.1 also provides a current overview of the
expression of ADAMs and ADAMTSS in tumors.

No reports to date have indicated expression or function of ADAMs 1-7 in
cancer. In contrast, ADAMS, also known as CD156, has been identified in various
tumors including lung and renal carcinoma and its expression has been validated
as a metastatic prognostic marker for renal cancer (Roemer et al. 2004). In agree-
ment with these findings, ectopic expression of ADAMS increased the migratory
capability of tumor cells (Ishikawa et al. 2004) and therefore it might play a role
in promoting invasion and metastasis. Additional studies have also found upreg-
ulation of ADAMS8 and ADAMI19 in primary brain tumors (astrocytomas). This
increase was correlated with higher catalytic activity and invasiveness (Wildeboer
et al. 2006).

ADAMO9 protein levels were found increased in breast carcinoma when com-
pared to normal tissue, and it also exhibited a positive correlation with levels of
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the oncoprotein HER2/neu (O’Shea et al. 2003). Also documented in the literature
is a direct association between poor prognosis and levels of ADAMY for pancre-
atic ductal carcinoma and renal cancer (Griitzmann et al. 2003, 2004; Fritzsche
et al. 2008). Enhanced expression of ADAMY was also noted in metastatic renal can-
cer (Fritzsche et al. 2008). Another study using protein arrays found overexpression
of ADAMD in liver carcinomas when compared with normal liver tissue (Tannapfel
etal. 2003). Interestingly, a soluble alternative splicing isoform of this protein is syn-
thesized by activated stellate cells in the liver. This isoform has the ability to bind to
a6p4 integrin on the surface of colon carcinoma cells, increasing their invasiveness
in a manner that requires metalloproteinase activity (Mazzocca et al. 2005). While
the fragment of ADAMO lacks catalytic activity, additional studies have found that
MMP2 is increased in colon metastasis from liver tumors when both ADAM9 and
ADAMI12 were expressed by stromal cells (Le Pabic et al. 2003). At this point, the
relationship between ADAMY9/12 and expression of MMP2 is unclear; but matrix
metalloproteinases have been shown to frequently act in molecular cascades, impos-
ing domino effects of sequential activations (Page-McCaw et al. 2007). Another link
between ADAMO and metastasis has been documented in lung. Both transcripts and
protein for ADAM9 were increased in ECB-1 lung cancer cell lines with tropism
for bone (Shintani et al. 2004). Furthermore, overexpression of ADAMY9 in A549
lung cancer cells increases adhesion to brain tissue and the potential to induce
brain metastasis when injected intravenously (Shintani et al. 2004). The mecha-
nisms that regulate these pro-metastatic events are unclear; however, ADAMO is
known to cleave fibronectin and denatured collagen (Millichip et al. 1998; Roy
et al. 2004) and also promote the shedding of HB-EGF and TNF-p75 receptors
(Izumi et al. 1998), functions likely relevant to tumor invasion and spreading. In
prostate cancer, expression of ADAMO is regulated by Salpha-dihydrotestosterone,
insulin-like growth factor I, and epidermal growth factor (Shigemura et al. 2007).
ADAMI10, also known as kuzbanian, is well known for its ability to cleave
Notch1 and therefore participate in its activation (Qi et al. 1999). It is not surprising
that ADAM10 has been found increased in leukemias, a tumor type where Notchl
deregulation is a direct contributor. In addition, overexpression of ADAMI10 has
been reported in multiple tumors (McCulloch et al. 2004). In oral squamous cell
carcinoma, high levels of ADAMIO0 directly correlate with increase in APP, one
of its substrates (Ko et al. 2007). ADAMI10 expression in uterine and ovarian car-
cinomas has been directly linked to circulating serum levels of L1 and high risk
of progression (Fogel et al. 2003). The same substrate is also apparently cleaved
in the invasive front of colorectal cancers by ADAMI10 (Gavert et al. 2005). L1
is a cell—cell adhesion molecule, member of the immunoglobulin superfamily that
is also involved in the motility and invasion of lymphoma, lung carcinoma, and
melanoma, cells where ADAMI10 is frequently expressed (Gutwein et al. 2000;
Mechtersheimer et al. 2001). Interestingly, ADAM9, 10, 12, and 15 were found
to be overexpressed after gastric cell infection by Helicobacter pylori, suggesting
a possible link between H. pylori-induced inflammation and gastric cancer (Cox
et al. 2001; Yoshimura et al. 2002; Carl-McGrath et al. 2005). Considering that
ADAMI0 participates in the shedding of EGFR ligand, it is likely that ADAM10
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mediates increased epithelial proliferation post-infection through enhanced EGFR
activation. ADAMI10 also contributes to E-cadherin and VE-cadherin shedding (Ito
et al. 1999; Maretzky et al. 2005; Schulz et al. 2008). E-cadherins are homotypic
cell—cell adhesion molecules present in epithelial cells that must be removed or
downregulated during the process of invasion and epithelial-to-mesenchymal tran-
sitions. Therefore, expression of ADAMI10 in carcinomas greatly facilitates the
process of invasion and proliferation through the release of beta-catenin and conse-
quent increase in cyclin D1 (Shtutman et al. 1999). It is extremely likely that these
events are physiologically relevant, as genetic inactivation of ADAMI10 results in
growth arrest, apoptosis, and overexpression of full length E-cadherin (Maretzky
et al. 2005).

In view of its role in pro-HB-EGF processing and activation, it is not surprising
that ADAM12, also known as meltrin, has been found increased in a large number
of tumors (Roy et al. 2004, Dyczynska et al. 2008). ADAM12 can be alternatively
spliced into a secreted form where it facilitates activation of HB-EGF receptors in
adjacent cells, both forms have been found increased in a large number of tumors
including breast, brain, colon, and liver. Blockade of ADAM 12 function by synthetic
inhibitors in glioblastoma directly decreased the production of mature HB-EGF,
suggesting that the link between ADAM12-HB-EGF might be of high relevance
for tumor expansion (Kodama et al. 2004). Interestingly, the cysteine-rich domain
of ADAMI12 has been shown to support adhesion via syndecans which initiates
signaling events leading to betal integrin activation, cell spreading, and consequent
tumor expansion (Iba et al. 1999). Presence of ADAM12 in urine directly correlates
with progression of breast carcinoma (Roy et al. 2004). In a recent comprehensive
genetic screen of breast cancer mutations, three somatic inhibitory mutations were
found in ADAM12. The mutations generate a protein that behaved in a dominant-
negative manner, but it is unclear and unlikely that these are initiating transforming
mutations (Dyczynska et al. 2008).

ADAMI15 was found to be overexpressed in lung carcinomas, but without cor-
relation with tumor stage or differentiation status, although higher expression was
noted at the invasion front of several carcinomas (Schutz et al. 2005). Subsequent
studies found that the protease was increased in malignant tumors where the high-
est levels of expression corresponded to adenocarcinomas of prostate and breast
(Kuefer et al. 2006). ADAMI15 was also implicated in metastasis of stomach and
lung cancer. Interestingly, treatment of breast carcinoma cells with anti-ADAM15
antibodies efficiently reduced tumor growth (Lendeckel et al. 2005). Consistent with
these findings, inactivation of ADAMIS5 in a prostate cancer model directly reduced
tumorigenicity and inhibition of tumor cell migration. Moreover, downregulation of
ADAMI5 leads to inhibition of N-cadherin proteolysis and attenuation in CD44,
av, and MMP?9 levels. N-cadherin and CD44 are known substrates for the protease;
however, the link between ADAMI15 and av integrin and ADAM15 and MMP9 is
unclear. Interestingly ADAMIS5 contains an RGD sequence and directly interacts
with both avf3 and a5p1, perhaps in a manner that facilitates spreading of tumor
cells (Zhang et al. 1998; Nath et al. 1999). ADAMI1S5 also impacts angiogenesis pre-
senting a paradoxical question to its overall effects in tumor growth. ADAMIS is
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expressed by activated endothelial cells and smooth muscle cells (Herren et al. 1997)
and in vitro, it suppresses endothelial cell migration (Najy et al. 2008). More impor-
tantly, in vivo, the recombinant disintegrin domain (RDD) of ADAMIS5 inhibits
angiogenesis and tumor growth (Trochon-Joseph et al. 2004). In support of these
findings angiogenesis was significantly attenuated in ADAM15-deficient mice that
were induced to develop retinopathy (Horiuchi et al. 2003)

ADAM17, also known as TACE, is by far the most studied of all the ADAM
proteases. ADAM17 has been reported to cleave a variety of substrates, including
TGFa, TGF-beta, TNF-p75 receptor, ErbB4, TRANCE, Notch, L-selectin, CD44,
and HB-EGF (Gschwind et al. 2003; Ongusaha et al. 2004; Schafer et al. 2004;
Blobel 2005; Zhang et al. 2006; Sahin and Blobel 2007). Many, if not all of these
substrates, are involved in tumor invasion and growth (Borrell-Pages et al. 2003;
Tanaka et al. 2005). For example, in ovarian cancer there is a direct correlation
between levels of HB-EGF and expression of ADAM17. Moreover, the levels of
the growth factor correlate with cancer prognosis (Tanaka et al. 2005). There is
also strong correlation between EGFR and ADAM17 overexpression in colon carci-
noma independently of tumor stage and differentiation (Blanchot-Jossic et al. 2005).
In oral squamous cell carcinoma, presence of ADAMI7 has been associated
with cleavage of CD44 and metastasis (Takamune et al. 2007). ADAMI17 was
upregulated in a hypoxia-induced glioma invasion model and its pharmacologi-
cal inactivation effectively blocked tumor cell invasion (Zheng et al. 2007). More
importantly, inhibition in ADAM17-mediated shedding by either targeting the pro-
tein or its activity significantly reduces the size of tumors in xenograft assays,
suggesting that ADAMI17 is a relevant therapeutic target, particularly in those
tumors that are driven by Erb2 activation (Borrell-Pages et al. 2003). Interestingly,
in many circumstances, an inverse correlation was observed between the levels of
ADAMI17 and those of TIMP-3, its endogenous inhibitor, giving to the expres-
sion of the protease a prominent role in the pathogenesis of these cancers (Karan
et al. 2003).

Although with the same prototypical structure as the other ADAMs, ADAM23
is an inactive metalloprotease. Through its disintegrin domain, it promotes cell
adhesion and supports spreading. Binding is mediated by the integrin avf3 in an
RGD-independent manner (Sagane et al. 1998; Cal et al. 2000). Little is known
about the role of ADAM23 in development and disease; however, its promoter
appears to be frequently targeted for methylation. ADAM23 was silenced by methy-
lation in a panel of breast carcinoma primary tumors and in several brain cell lines
and is frequently methylated or deleted in gastric carcinomas (Takada et al. 2005).
The investigators reported that primary tumors with a higher grade presented higher
percentage of methylation in the 5" upstream region of ADAM?23 (Costa et al. 2004).

ADAM28 has been frequently found to be upregulated in lung cancer.
Particularly, in non-small cell carcinoma, overexpression of membrane-anchored
and soluble forms of ADAM?28 displayed a positive correlation with tumor growth
and lymph node metastasis (Ohtsuka et al. 2006). In the case of breast carcinoma,
ADAM28 participates in the cleavage of insulin-like growth factor-binding protein
3 (IGBP-3) that accelerates tumor cell growth. Suppression of ADAM2S levels
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by iRNA reduces proliferation of breast cancer cell lines, supposedly through an
IGBP-3-dependent mechanism (Mitsui et al. 2006).

ADAMTS and Tumor Progression

The first member of the ADAMTS family was identified in a screen for tran-
scripts that were increased in murine cachexic colon adenocarcinomas (Kuno
et al. 1997). Shortly thereafter, the human ADAMTS1 gene was cloned in a search
for genes that contained the anti-angiogenic domain present in thrombospondin-1
(Véazquez et al. 1999). In the last decade 19 members of the ADAMTS family have
been identified, all displaying similar domain structure, but exhibiting pleiotropic
roles in development, homeostasis, and pathology. Here we have summarized the
information pertinent to cancer biology.

ADAMTSI1 behaves similarly to an early response gene and it is quickly upreg-
ulated during inflammation and other pathological insults, possibly through the
regulatory control of TNF and IL1beta (Kalinski et al. 2007). Thus, it is not sur-
prising to find the gene product increased in a variety of cancers. In particular,
ADAMTS1 was found in breast, pancreatic, lung, colon, renal, and liver cancer,
some of these with elevated metastatic activity (Masui et al. 2001; Kang et al. 2003;
Kuno et al. 2004; Lind et al. 2006; Liu et al. 2006; Grigo et al. 2008). However, its
specific contributions to tumor progression have not been fully elucidated. In pan-
creatic cancers, increased transcripts for ADAMTS1 were found to correlate with
severe lymph node metastasis and retroperitoneal invasion and in fact, overall levels
of ADAMTSI1 were considered to be poor prognostic indicators in this tumor type
(Masui et al. 2001). Nevertheless, other groups have also found that ADAMTSI1
transcripts were decreased in breast carcinoma samples and in small cell lung car-
cinoma compared with normal tissue (Porter et al. 2004; Rocks et al. 2006). It
is unclear how these studies compare in cancer stage and inflammatory cell infil-
trate with previous published work. However, recent reports have indicated that
ADAMTS]1 might display multiple effects in different tumor cell compartments
providing both pro- and anti-tumor growth activities.

Like other members of the family, the modular structure of ADAMTSI is prone
to multiple cell and protein interactions. Thus, while its metalloprotease domain
promotes tumor growth and facilitates invasion, its C-terminal region including the
spacer domain and the TSP repeats displays anti-tumoral and anti-metastatic effects
through suppression of angiogenesis and sequestration of heparin-binding growth
factors (Iruela-Arispe et al. 2003; Kuno et al. 2004; Lee et al. 2006; Liu et al. 2006).

Much of the pro-tumorigenic effect attributed to ADAMTSI relies on its catalytic
activity. ADAMTS1 was initially found to cleave aggrecan, versican, nidogen, and
thrombospondinl facilitating matrix remodeling and invasion (Kuno et al. 2000;
Sandy et al. 2001; Rodriguez-Manzaneque et al. 2002; Canals et al. 2006; Lee
et al. 2006). More recently, however, the protease has been noted to promote
shedding of HB-EGF and amphiregulin with subsequent activation of EGF and
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ErbB-2 receptors. The effect required enzymatic activity, as it was not found with
catalytically inactive mutant protein (Liu et al. 2006). Thus, tumors in which
growth is dependent on EGF receptors might benefit from increased expression
of ADAMTSI. In fact, Massagué and colleagues identified ADAMTS1 as a sig-
nificantly upregulated transcript in a subpopulation of breast tumor cells that
successfully metastasized to the lung (Kang et al. 2003). Additional experiments
will be required to ensure that increased EGF-mediated signaling is promoted by
increased expression of ADAMTSI1, but overall this prediction can explain the
positive and negative associations of ADAMTS1 with tumor expansion.

The effects of ADAMTSI in the suppression of angiogenesis were initially
thought to rely entirely on the presence of three TSR repeats in the C-terminal region
that harbor the anti-angiogenic motif identified in thrombospondinl (Vazquez
et al. 1999). In fact, structure—function analysis using this region was found to
inhibit tumor growth via an anti-angiogenic activity that involved both suppres-
sion of endothelial cell proliferation and migration (Iruela-Arispe et al. 2003;
Luque et al. 2003; Kuno et al. 2004). The C-terminal domain of ADAMTS1 was
shown to bind and sequester VEGF165, impacting VEGF bioavailability with con-
sequences to receptor phosphorylation, endothelial proliferation, and angiogenesis
(Luque et al. 2003). Furthermore, it was recently reported that the catalytic activ-
ity of ADAMTSI1 might also contribute to its angiostatic properties. Specifically,
ADAMTSI1 cleaves both throbospondinl and 2 releasing anti-angiogenic peptides
(Lee et al. 2006). In the absence of thrombospondinl, the vascular suppressive effect
of ADAMTSI in wound healing is attenuated (Lee et al. 2006). Supporting a role for
ADAMTSI as an endogenous inhibitor of angiogenesis, evaluation of the adamtsI-
null mouse revealed an increased capillary density in the ovary, a site of constitutive
ADAMTSI expression (Shozu et al. 2005).

In addition, aberrant methylation of the ADAMTS1 promoter has been reported
in both non-small cell carcinoma and colorectal cancer (Lind et al. 2006; Choi
et al. 2008). The relevance of hypermethylation is unclear at this point, but down-
regulation of ADAMTSI in over 30