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Preface

Cancer cell culture remains as important today as it was when the first edition of Cancer
Cell Culture: Methods and Protocols was published 6 years ago. However, the emphasis of
research using cell culture methods is shifting towards the use of primary cells rather than
the generation of new cell lines, and the chapters in this edition reflect this.

As before, the basic concepts of cancer cell biology and culture are covered in the first
few chapters, with an emphasis on safe working practice for both cells and laboratory
researchers. These chapters contain the information critical to success — only by good
practice and quality control will the results of cancer cell culture improve.

I am grateful to several authors from the last edition for updating some of their chap-
ters to reflect improvements, particularly the rapid improvement in real-time PCR tech-
nology. In a change to the last edition, which is still available, I have included a series of
chapters covering a series of different assay methods which allow the action of drugs and
toxins on cells to be measured. Many of these can be used with primary cell preparations.
There is a chapter reviewing high throughput screening of natural products, and a practi-
cal guide to the assessment of drug interactions. It is now possible to introduce genetic
defects into normal cells with greater precision than ever before, and this is already deliver-
ing a completely new set of cell lines to researchers, including those in the pharmaceutical
industry and academic laboratories.

In organising a book like this, one quickly realises the breadth and depth of research
activity that depend on cell lines. Inevitably, some potential authors were too busy to con-
tribute, and there were many I probably should have asked but did not as the list of chap-
ters filled up all too quickly. There is no attempt here to claim to be comprehensive, but
I hope that the new edition of this valuable book will prove useful to many laboratories.
I am immensely grateful to those that found time to contribute and to Professor John
Walker for his guidance during the difficult phases of this year-long process. My wife,
Brigit had to put up with the amount of time I spent in my study, and did so very gra-
ciously — I am indebted to her again and I am very gratetul for her support.

Povtsmouth, UK Ian A. Cree
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Chapter 1

Cancer Biology

lan A. Cree

Abstract

The process of carcinogenesis involves a number of changes in cellular phenotype, which are largely based
on acquired genetic changes in cells that are not terminally differentiated. The ability of cancer cells to
grow and their failure to respond to the usual controls on such proliferation are obvious features, but
they also evade cell death and most have no limits on their ability to replicate beyond the limits imposed
by telomere length in normal cells. In addition, they are able to stimulate the formation of blood vessels
to ensure a steady supply of oxygen and nutrients, and to invade normal tissues, sometimes subverting
the normal processes within those tissues. Finally, it has become increasingly apparent that cancer cells
undergo a process of selection which renders the immune system ineffective. Some of these characteristics
are retained by cells in culture, and an understanding of the biological properties of cancer cells will assist
in the design of experiments and the interpretation of their results.

Key words: Growth, Oncogene, Anti-oncogene, Apoptosis, Angiogenesis, Telomere, Invasion,
Immunity

1. Introduction

Cancer cells are transformed cells — they have acquired a series of
changes that permit them to form tumors, which behave in differ-
ent ways according to the (mainly) genetic changes that underlie
this transformation. It is now 10 years since Hanahan and
Weinberg (1) published their seminal paper suggesting that there
were six identifiable “Hallmarks” of cancer cells. These, they
listed as follows:

e Self-sufficiency in growth signals
e Insensitivity to growth-inhibitory (antigrowth) signals
e Evasion of programmed cell death (apoptosis)

e Limitless replicative potential

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_1, © Springer Science+Business Media, LLC 2011
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e Sustained angiogenesis

e Tissue invasion.

In the intervening years, in many ways, they have been proved
correct, though many would perhaps add one more — altered
immunity, of which more later. This chapter is intended to provide
a brief overview of cancer biology and way into the literature for
those starting their cell culture — a number of key reviews are refer-
enced and provide a more in-depth analysis than is possible here.

The traits Hanahan and Weinberg (1) identified were based
on the understanding that cancers arose as a series of steps towards
transformation, for which the initial model was probably retino-
blastoma (2) (Fig. 1), but for which the complexity involved in
most tumor types is typified by the pathogenesis of colorectal
cancer (3, 4) (Fig. 2). While this initially seemed relatively simple,
as more studies are performed, the idea that this is a strictly linear
process seems to be breaking down, and it is likely that both hae-
matogenous and solid tumors share a complex evolution as they
develop over time within patients. Like evolution itself, which was
first promulgated over by Darwin 150 years ago (5), natural selec-
tion seems to be the driving force behind the changes that result
in the transformation of cells to form cancers.

Is there any limit on the number of changes involved? Several
recent publications have tried to enumerate the genetic (6) and
epigenetic (7) alterations involved. This is still a very considerable
number (8), but given the 34,000 genes in the human genome,
not perhaps as large as one might fear. The number of permuta-
tions arising from these alterations are, however, still very consid-
erable, and that assumes that they are binary — on or off. In fact,
there is now a body of evidence to suggest that many such changes

a 1% mutation

@ 2nd mutation
Hereditary + —_— _)
Retinoblastoma

BMut RBWt BMut RBMut
b 1 mutatlon
Non-hereditary —)
Retinoblastoma
Bwt RBWt BMut RBMut
2" mutation

Fig. 1. Retinoblastoma results from two mutations, each of which results in the loss of one
copy of the RB gene. (a) In sporadic retinoblastomas, which are not inherited and tend to
affect a single eye, both copies are lost by mutation in the affected child. (b) Inherited retino-
blastoma results from a single mutation occurring within a retinoblast which has already
lost one copy of the gene through mutation in the gamete or germline of one parent.
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CIN
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Fig. 2. The progression of colorectal carcinogenesis involves multiple genes, often in concert, to produce firstly a benign
outgrowth from the mucosa, an adenoma, and finally an adenocarcinoma. The mechanisms involved in metastasis are
less certain. Abbreviations: microsatellite instability (MS/), cyclooxygenase 2 (Cox2), chromosome instability (CIN);
Genes: KRAS, BRAF, EGFR, PTEN, PIK3CA, APC, 3-catenin, P53, Bax, SMAD4, TGFBR2, and TGF{.

are anything but binary — gene dosage (i.e. the degree of gene
amplification) makes a major difference to some tumors, and the
degree of methylation of a gene is also very variable.

Like even simple multicellular organisms, many cancers are in
fact very complex tissues, and the phenotypic behaviour of a cancer
may not depend entirely on its genetic profile, but also on host fac-
tors which will vary according to the genotype of the host and the
way in which that host phenotype is altered by the environment —
including diet, smoking, and many other factors. It is therefore
hardly surprising that those who have looked find immense hetero-
geneity between cancers (9), even those apparently of the same type
arising within the same tissue — and indeed this can be seen within
the same tissue in a single individual (e.g. prostate cancer (10)).

This chapter examines the hallmarks of cancer in relation to cell
lines and primary cell cultures, highlighting the differences and
similarities which should be taken into account when designing the
experiments that require the methods contained within this book.

2. Self-sufficiency
in Growth Signals

Normal cells do not grow unless told to. This even applies to
stem cells, which have the potential to do what they please, but
are under strict controls which break down in cancers. Indeed
some authors consider that all cancers arise from stem cells (11).
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Egg ER NRG1 NRG3
a BTC NRG2 NRG4
al HB-EGF \ j
HER1 HER2

The self-sufficiency in growth signals in cancer cells can be
endogenous or exogenous. A good example of this of recent
therapeutic relevance has become important in non-small cell
lung cancer and colorectal cancer. In this tumor type, the epider-
mal growth factor receptor (EGFR) pathway is key to the behav-
iour of many (but not all) tumors (12, 13). Exogenous signalling
includes autocrine production of amphiregulin and epiregulin,
both ligands of EGFR, while endogenous signalling comes from
acquired activating mutations of the EGFR gene. However, even
the EGFR gene can be bypassed by an activating mutation of the
KRAS gene, and in patients with activating mutations of EGFR
treated with small molecule inhibitors, resistance occurs by the
development of resistant mutations or activation of alternate
pathways. Many tumor types have alterations of growth genes
(oncogenes) acting downstream of such cell surface growth factor
receptors (Fig. 3), some of which are transcription factors (e.g.
c-myc) that activate many effector pathways within the cell.

In cell culture then, isolated neoplastic cells are usually able
to manage quite well on their own, though they may depend on
paracrine signals from other cells included in the tumor which are

HER2 HER3 HER2 HER4
” g Membrane

Apoptosis

Proliferation

Nucleus

Fig. 3. The EGFR pathway comprises a number of ligands, and four cell membrane-located receptor tyrosine kinases
which dimerise to transduce a signal via the PI3K, Ras—Raf, and STAT pathways. Whereas the PI3K pathway inhibits
apoptosis, the Ras—Raf and STAT pathways lead to increased cell proliferation in most cell types. Ligands: EGF -
Epidermal Growth Factor, AR - Amphiregulin, TGF - Transforming Growth Factor, ER - Epiregulin, NRG - Neuregulin,
HB-EGF - Heparin-binding EGF, BTC - Betacellulin.
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always available to them. While this is less true of high-grade
tumors, low-grade tumors may not grow unless these conditions
are satisfied.

3. Insensitivity
to Growth-
Inhibitory
(Antigrowth)
Signals

The potential consequences of cell growth for the organism
necessitate the control of proliferation. The control mechanisms
can be divided into those which turn off proliferation perma-
nently and those which do so transiently, or until a signal is
received by the cell, which reverses the switch. Loss of antigrowth
control occurs by several mechanisms. The most obvious is by
loss of the gene concerned — retinoblastoma is a case in point
(14), and there is evidence that many anti-growth signals work
via the RB protein, which inhibits the function of the E2F tran-
scription factor, which is essential for proliferation (15). The anti-
oncogenes pl5 and pl6 operate via this pathway, as does the
cyclin kinase cdk4, and there is an important link to p53 (Fig. 4).
Loss of these genes by mutation or sequestration, for example by
viral proteins such as E6 and E7 of human papilloma virus (HPV)
can lead to cancer.

EENEE

—»—'T [0 ] — | B¢
[ora] ™ (oman 1

1l

Cellular Stress — >
(e.g. DNA damage)

(o] —— (e

l

P53-dependent
apoptosis

=
=
o
3

o

Fig. 4. The RB pathway is critical to many anti-growth signals. RB inhibits the function of
the E2F transcription factor, which is essential for proliferation. The tumor suppressor
genes p14, p16, and p53 all have functions within this pathway.
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p53 is considered the key guardian of the genome (16), and
is mutated in around 50% of cancer cases. In most other cancers,
p53 function is compromised by dysregulation of associated sig-
nalling pathways. Normally, p53 expression is triggered by a variety
of stimuli, including DNA damage, oxidative stress, depletion of
heat shock proteins, and by activated oncogenes. This leads to
growth arrest, usually via p21 or other regulatory molecules
which mediate inhibition of cell cycle proteins. If the insult is suf-
ficiently severe or not reparable, p53 activation leads to apoptosis
via multiple intrinsic (e.g. bax, bid, puma, and noxa) and extrinsic
mechanisms (e.g. Fas and Trail receptors).

Permanent growth arrest is mediated by differentiation, for
example, by inactivation of the APC/beta-catenin pathway
(Fig. 2) in colorectal cancer (17). This is one area in which
there has been considerable progress over the last 10 years.
Understanding of differentiation owes much to the human
genome project which underpinned identification of many of the
genes involved. With some exceptions, it seems that cancers do
not inactivate these mechanisms by mutation or deletion as often
as one might expect. This may reflect redundancy in the mecha-
nisms involved, but it certainly seems that gene methylation and
histone acetylation are important in silencing expression of dif-
ferentiation genes in many cancers (7).

4. Evasion

of Programmed
Cell Death
(Apoptosis)

Control of cell numbers within tissues is mediated largely by the
process of apoptosis — known as programmed cell death or sui-
cide. Cells which have fulfilled their function or are no longer
required are removed from tissues without inflammation or other
sequelae by this process. This is important in many situations
throughout life — for example, the embryo loses the webs between
toes and fingers, while in the adult showers of apoptoses occur in
the endometrium during menstruation (18). Such processes are
also very important in the immune system to avoid auto-immu-
nity and select foreign antigen-reactive cells. Control of the
apoptotic process is important, and is mediated by a balance of
pro- and anti-apoptotic factors (19), as well as endogenous and
exogenous triggers.

In cancer cells, these apoptotic controls are almost always
affected, though it varies between tumor types and the pathways
involved in their genesis. Exogenous triggers include the Fas—Fas
Ligand system, and the TRAIL system, while the endogenous



Cancer Biology 7

trigger tends to be mediated by p53, also the most commonly
mutated anti-oncogene which has a particularly complex biology

(16).

5. Limitless
Replicative
Potential and
Senescence

Normally, cell replication is limited to 50-70 passages (20).
However, cancer cells are immortalised and capable of exceeding
this limit — which is also known as the “Hayflick phenomenon” or
“replicative senescence”, first recognised by Hayflick and
Moorehead in the 1960s (21). The mechanism by which cancer
cells do this involves replenishment of telomeric DNA by an
enzyme, telomerase.

Telomeres are made up of multiple repeats of the TTAGGG
sequence — usually over several thousand bases (22). As DNA
polymerases are unable to complete replication of daughter DNA
at the 5 end of linear DNA sequences, each cycle of replication
leads to loss of DNA from the telomere, a process implicated in
cellular senescence. In stem cells and germinative cells this is pre-
vented by their expression of telomerase, which repairs the telom-
ere in cells that express it — this is normal within stem cells, but
not within somatic cells. Reactivation of telomerase is part of car-
cinogenesis, and probably a critical step in this process. Nearly all
cancer cells show expression of telomerase — the few that do not
have alternative mechanisms to prevent loss of telomeric DNA.
However, telomerase is more likely to be expressed by the more
malignant variants with higher replicative activity. The currently
most favoured hypothesis is that expression of telomerase is trig-
gered in dividing cells when telomere erosion triggers a DNA
repair response via the ATM-p53 pathway, which should in turn
trigger growth arrest (also known as stress-induced senescence).
Such senescence is essentially a form of tumor suppression, and is
an important barrier to carcinogenesis (20). Mutations in the p53
or RB pathway lead to reduced senescence — and inactivation of
both seems to be required in human cells to prevent replicative
senescence (20). This phenomenon is now of interest in many
different cancers, including leukaemias (23) and solid tumors
such as melanoma (24).

However, telomerase is far from an Achilles heel and drugs
which block it do not necessarily kill cancers, which may still be
able to replicate sufficiently to continue their growth for enough
cycles to cause the death of the patient. Nevertheless such agents
may prove useful and some are in development.
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6. Sustained
Angiogenesis

Tumors cannot attain a size of more than a millimetre or so in
diameter without requiring a blood supply. There are several ways
in which they can do so:

* Angiogenesis
e Vessel co-option

e Vascular mimicry.

The first is the most obvious — and the most commonly used
by cancer cells, which commonly secrete pro-angiogenic cytokines
such as vascular endothelial growth factor (VEGF) and basic fibro-
blast growth factor (bFGF) (25). These cytokines stimulate the
production of new blood vessels from existing capillaries (by
sprouting) and from circulating endothelial cell precursors.
Co-culture experiments of cancer cells with human umbilical vein
endothelial cells (HUVEC) are often used to study such interac-
tions, though it should be noted that HUVEC may not be repre-
sentative of endothelial cells in tissues (25).

Cancer cells may also invest vessels already present in tissues,
growing in close apposition and co-opt them into the tumor. This
is common and markers of new vessels have been used to show its
extent within tumors. Growth around vessels is likely to be medi-
ated by adhesion molecules (26), and the mechanisms are similar
to those used in tissue invasion.

Vascular mimicry remains controversial, but the hydrody-
namic forces within tumors caused in part by the presence of
poorly formed “leaky” blood vessels lead to a flow of tissue fluid
within the tumor that may play an important role in providing
nutrients to cancer cells. In some cases, there is compelling evi-
dence that slits and channels may form, lined by neoplastic cells
with some characteristics of endothelial cells (27).

7. Tissue Invasion

The ability of cancer cells to invade adjacent tissue and spread to
other tissues, usually via the lymphatic or bloodstream is the main
reason underlying cancer mortality. Cancer cells have a number of
characteristics which permit them to invade and metastasise.
Firstly, they are usually able to survive and grow in an adherence-
free cell culture system. Secondly, they show little evidence of
polarisation, and thirdly they can alter shape easily to allow motil-
ity through tissues. The mechanisms are essentially similar to
those known from the movement of immune cells through tissues,
and recapitulate the migration of cells within the embryo.
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Movement through tissues requires a loss of adhesion
molecules such as ICAM-1, and the secretion of enzymes to break
down the intercellular matrix and basement membrane collagen.
Collagenases, now more commonly known as matrix metallopro-
teinases (MMPs), are of particular importance and are often
secreted by cancer cells, thus easing their passage. Tissue inhibi-
tors of metalloproteinases (TIMPs) within tissues are important
inhibitors of this process, but to date, drugs which counteract
MMPs have had little success in the clinic.

8. Altered
Immunity

Although it was not one of Hanahan and Weinberg’s initial list,
there is now no doubt that the interaction between the immune
system and cancer cells is actively managed by changes within
cancer cells. The altered immune status of cancer cells is important
for their survival. It has long been known that cancer cells express
unique or embryologically derived antigens which can excite an
immune response. A number of mechanisms of anti-cancer immu-
nity have been described:

e Humoral immunity — complement-fixing anti-cancer antibodies
e Antibody-dependent cellular cytotoxicity (ADCC)
e NKecells

e Cytotoxic T lymphocytes.

Several hypotheses have been put forward to explain how cancer
cells evade the immune system. The most recent and accepted of
these combines earlier models (see ref. 28 for review) and is termed
“immunoediting”. This model implies that the immune system
exerts a selective pressure on developing cancer cells that leads to
them having some or all of the following characteristics:

* Loss of MHC class I or II (indeed this may change during
metastasis)

e Secretion of cytokines and immune active enzymes (e.g. TGFf,
IDO)

e Active killing of lymphocytes by FasL expression.

These mechanisms have the effect of limiting the ingress of com-
petent immune cells to the tumor and causing general systemic
immunosuppression. Indeed, it has recently been established that
dendritic cells within the tumor or within draining lymph nodes are
maintained in an immature, immunosuppressive state, which may
actually assist the tumor to evade the immune system (29).
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9. Gonclusion

Cancer cells are remarkable in many ways — they develop a series of
changes during their development which allow them to survive
and grow despite many checks and balances on this progression.
Understanding of this biology is probably still far from complete,
but is essential to successful cell and tissue culture of cancer cells.
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Chapter 2

Principles of Cancer Gell Culture

lan A. Cree

Abstract

The basics of cell culture are now relatively common, though it was not always so. The pioneers of cell
culture would envy our simple access to manufactured plastics, media and equipment for such studies.
The prerequisites for cell culture are a well lit and suitably ventilated laboratory with a laminar flow hood
(Class II), CO, incubator, benchtop centrifuge, microscope, plasticware (flasks and plates) and a supply
of media with or without serum supplements. Not only can all of this be ordered easily over the internet,
but large numbers of well-characterised cell lines are available from libraries maintained to a very high
standard allowing the researcher to commence experiments rapidly and economically. Attention to safety
and disposal is important, and maintenance of equipment remains essential. This chapter should enable
researchers with little prior knowledge to set up a suitable laboratory to do basic cell culture, but there is
still no substitute for experience within an existing well-run laboratory.

Key words: Cell culture, Serum, Medium, Buffer, Adherence, Equipment, Plastics

1. Introduction

Cell culture is an important tool for biomedical scientists and is
widely practiced within academic, hospital and industry labo-
ratories. It permits everything from the discovery of new molecules
and their function, to high throughput testing of potential drugs —
and not just for cancer. Culture of normal cells is now relatively
routine and it is possible to obtain non-neoplastic cells (e.g.
inflammatory cells, endothelial cells) from tumours for study.
Culture of neoplastic cells directly from human tumours is rou-
tine, though multiple methods exist. However, most experiments
are done with cell lines, grown from tumours and often passaged
many times in media containing serum and other additives to
promote their growth.
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2. History of
Cancer Cell
Culture

The history of cell culture, reviewed in the previous edition of
this book by Langdon (1), goes back 125 years to a publication
by William Roux who successfully cultured chick embryo tissue
in saline for several days. The first human experiments were also
performed in the nineteenth century when Ljunggren (1898)
showed that human skin could survive in ascitic fluid. Ross
Harrison (1907) is regarded as the father of tissue culture, as he
introduced tissue from frog embryos into frog lymph clots and
showed that not only did the tissue survive, but nerve fibres grew
out from the cells. The lymph was quickly replaced by plasma,
and then by more systematic studies to identify factors required
for cell growth in culture. The first cancer cells were cultured by
Losee and Ebeling (1914) and the first continuous rodent cell
line was produced by William Earle in 1943 at the National
Cancer Research Institute. In 1951, George Gay produced the
first human continuous cell line from a cancer patient, Helen
Lane, and Hela cells are still used very extensively. The next two
decades saw a huge expansion in the number of studies which
defined the media we still use today. Serum free media started
with Ham’s fully defined medium in 1965, and in the 1970s,
serum-free media were optimised by the addition of hormones
and growth factors. There are now thousands of cell lines avail-
able, and for some, many stable variants have also been
produced.

3. Definitions
and Terms

Some common definitions are listed in Table 1 (1). “Cell cul-
ture” refers to the maintenance in vitro of disaggregated cells,
while “organ culture” refers to a culture of a non-disaggregated
tissue. The term “tissue culture” encompasses both terms. The
initial culture is known as a “primary culture” and undergoes
multiple “sub-cultures” or “passages” to produce a “cell line”.
Cell lines may be continuous (capable of unlimited growth) or
finite, characterised by senescence after a limited number of pop-
ulation doublings. Continuous cell lines are “transformed” — this
seems to equate to their acquisition of telomerase activity in most
instances (see Chapter 1) and may occur during or at the time of
generation of a cell line. There are now artificial methods by which
cells can be “immortalised” (synonymous with transformation),
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Definitions of terms used in cancer cell culture, adapted from Langdon (1)

Term

Definition

Cell culture
Tissue culture

Primary culture

Cell line

Finite cell line

Continuous cell line

Clone

Immortalization

Lag phase of growth

Log phase of growth
Plateau phase of growth
Population doubling time
Cell bank

Tissue bank

Substrate

Passage

Confluent

Maintenance of dissociated cells in vitro
Maintenance of tissue explants in vitro

The initial culture of cells dissociated directly from tumour or
obtained from the blood or a malignant effusion

Cells sub-cultured beyond the initial primary culture

A cell line with a limited life span, one that undergoes senescence
after a defined number of doublings

A culture which is apparently capable of an unlimited number of
population doublings; often referred to as immortal cell culture

The cells derived from a single cell of origin

Enabling cells to extend their life in culture indefinitely

Initial slow growth phase which occurs when cells are sub-cultured
Most rapid phase of exponential cell growth

Slowing of cell growth when cells become confluent

Time taken for cell number to double

Repository of cancer cell lines and materials derived from them
Repository of tissue samples from patients

The matrix on which an adherent cell culture is grown

Subculture of cells from one container to another

Situation where cells completely cover the substrate

for example, hTERT transfection, and these methods may be
applicable to non-neoplastic cells.

Cell lines may exist as adherent cell cultures, grown on a
“substrate” such as plastic or glass, or they may grow “in suspen-
sion” This tends to go with their cell of origin, so most lympho-
cyte cell lines will grow readily in suspension, while the reverse is
true of carcinoma cell lines. The coating of plastic or glass with
proteins or other molecules can promote adherence and change
the phenotype of cells in culture, even after many passages. All
grow in a cell culture “medium”- plural media — which can be
made up from its constituents, but is more commonly bought
from a commercial manufacturer.
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4. Basic
Requirements
of Cell Culture

4.1. Media

The requirements of cell culture were defined during the last
century, and have not changed, despite our increasing knowledge
of the molecular biology of the cell on which these requirements
are based. Nutrients are provided, as well as oxygen and a means
for the removal of carbon dioxide. Most cells require a substrate
and this is now nearly always plastic, though growth of cells on
glass coverslips is still a useful method.

A number of common media are listed in Appendix 1, and most are
based on a basal saline medium to which various components are
added. To grow, cells require amino acids, vitamins, metal ions, trace
elements, and an energy source, usually provided as glucose. Other
additives include buffer (HEPES is particularly common) and phe-
nol red to indicate the acidity of the culture. Eagle’s basal medium
(BME) was modified by adjusting the amino acid concentration to
produce Eagle’s minimum essential medium (MEM). This was fur-
ther modified by Dulbecco who quadrupled the amino acid and vita-
min concentration to produce Dulbecco’s minimum essential
medium (DMEM). Iscove’s modification of DMEM is designed to
support haematopoietic cells and contains even more amino acids
and vitamins, as well as selenium, pyruvate and HEPES bufter.

Morgan et al. (2) used a medium that supported an even
wider range of cells and is now known as Medium 199. Less com-
plex versions were produced, including one by the Connaught
Medical Research Laboratory (CMRL 1066) which was one of
the first to examine serum-free growth of cell lines to examine the
factors in serum required for the growth of certain cell types.
Ham’s nutrient mixtures F10 and F12 were developed for the
growth of Chinese Hamster Ovary (CHO) cells with our without
serum supplementation. However, a 50:50 mixture of Ham’s F12
and DMEM is now widely used for serum-free cell culture as this
combines the use of trace elements and vitamins in the F12 with
the nutrients present in DMEM. Ham’s group went on to design
a series of media (MCDB) for a series of individual cell lines.

A basic medium described by McCoy et al. in 1959 (3) has also
been widely used and was the basis for one developed by Moore
etal. (4, 5) at Roswell Park Research Institute — RPMI11640 is per-
haps the most widely used cell culture medium in use today.

5. Serum-
Containing Media

Serum is often added to the media described above and in
Appendix 1 to replace many requirements which are missing, even
from the most sophisticated media. These include proteins, lipids
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and carbohydrates as well as growth factors and attachment factors.
The concentration of components present is often variable and the
practice of using newborn or fetal bovine sera has become com-
mon. Concentrations of 5-20% are normally used, depending on
the cell type. There is batch to batch variation in the content of
factors present and it is often best to stick with one supplier found
to work well with a particular cell line. Serum can be divided into
aliquots and frozen at —20°C following heat treatment for 30 min
at 56°C (if necessary) to remove complement components.

6. Serum-Free
Media

The inherent variability in the composition of sera can lead to
variation in results obtained using media which contain sera.
The uncertainty serum supplementation introduces to cell cul-
ture has lead many researchers to explore the use of serum-free
media. Two different approaches have been taken — one,
espoused by Sato and colleagues (6, 7), was to add specific sup-
plements, while the other route, taken by Ham’s group (8, 9),
was to increase the concentration of various components of
existing basal media. The addition of insulin, transferrin, sele-
nite, hydrocortisone and cytokines has become common, with
varying degrees of success. The addition of albumin to improve
the protein content of media has proven useful, and compo-
nents to promote adhesion signalling such as fibronectin are
often useful. Other additives include prostaglandins, hormones
and triiodothyronine (10-13). One useful tip for transferring
cells from serum-containing media to serum-free media is to
gradually reduce the serum content, as this allows cells to adapt
gradually to changing conditions (14-16).

7. Obtaining Media

7.1. Substrate
Specificity

Media can be obtained commercially or made up from constitu-
ents. It is important to choose appropriately for the cell line and
experimental design — shelf life varies from 9-12 months for made
up media, to 2—3 years for powdered media that can be made up
with sterile water. A good compromise is often to buy bottled 10x
concentrated media with an extended shelf life (12-24 months)
that is diluted with sterile water before use.

Cell culture plates come in many different sizes and composi-
tions. The majority in use allow adherence and are made of poly-
styrene, but in some circumstances it can be useful to use
polypropylene which prevents most cells adhering to the plastic.
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7.2. Environment

Plastics designed to promote adherence have a charged surface
resulting from chemical treatment or irradiation. If cell adhesion
is desired, it is often possible to improve this by coating plates
with fibronectin or collagen. Several commercial preparations are
available, but pre-coating plates with serum or conditioned
medium can also be effective. Three-dimensional growth within
collagen or more complex mixtures such as Matrigel can be used,
and dual cell cultures either with direct contact or separation by a
filter can allow the study of interactions under defined experimen-
tal conditions. The choice of well size or culture flask is dictated
largely by the number of cells required for a particular assay and
the time for which they will be in culture before passage. Cell
culture has been performed successfully in 384-well and even in
1,536-well plates. At the other end of the scale are large systems
with enormous surface areas capable of producing many millions
of cells in a single passage.

Most cell culture is performed in incubators at 37°C with a toler-
ance of one degree from this. Above 40°C, cells will usually die
rapidly. Culture media are usually designed with buffering capac-
ity, but require an atmosphere of 5% CO, to ensure optimal per-
formance and are kept at pH 7.2-7.4. Acidification of the media
can be seen by changes in the colour of phenol red, if present.
This is yellow at pH 6.5, orange at pH 7.0, red at pH 7.4 and
purple at pH 7.8, providing an instant readout to the investigator
of the pH of cultures. The use of 5% CO, in air means that cells
are exposed to much higher partial pressures of oxygen than
would be the case in tissues. Hypoxic chambers are available to
control this, if necessary. Humidity is also critical, particularly in
microplates, where drying artefact is to be avoided. Finally, steril-
ity is all-important! These requirements dictate the necessity for a
considerable outlay in terms of equipment to support cell culture —
it any one of these facets is ignored, the result will usually be a
collection of failed experiments.

8. Cell Lines

8.1. Cancer Cell Line
Collections

There are thousands of cell lines available, and most can be
accessed from culture collections. Table 2 lists a number of cul-
ture collections and companies that provide verified cell lines for
research use. There are often constraints on the use of such lines
imposed by the originating laboratory or the collection. In general
these regulate to what extent cell lines can be used for purposes
other than research in the institution purchasing the cell line. In
addition to academic not-for-profit culture collections, a number
of companies will now supply cell lines. These are sometimes
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Table 2
Major cell line banks
Bank Website Location Contents
American Type Culture ~ www.atcc.org USA Contains 950 cancer cell
Collection (ATCC) lines, and expanding
collection of h\TERT

European collection of
animal cell culture
(ECACCQC)

Deutsche Sammlung von
Mikroorganismen und
Zellkulturen GmbH
(German Collection
of Microorganisms
and Cell Cultures)

Banca Biologica e Cell
Factory (Interlab cell
line collection)

HyperCLDB

Japanese Collection of
Research Bioresources
(JCRB)

Asterand

RIKEN gene bank

immortalized cell lines
from human tissue

www.hpacultures.org.uk UK Contains 1,100 cell lines
originating from over 45
different species

www.dsmz.de Germany Contains 652 human and
animal cell lines, and a
separate collection of
586 human leukaemia—
lymphoma cell lines

www.iclc.it Italy Lists 268 cell lines.
//bioinformatics.istge.it/ Italy Hyperlink database from the
hypercldb Interlab project, allowing
rapid searches
cellbank.nibio.go.jp Japan Contains more than 1,000
cell lines.
www.asterand.com USA Commercial supplier of

Human Primary Cells/
Cell lines, including breast,
prostate and haematopoi-
etic cell lines.

www.brc.riken.go.jp Japan Contains over 1,000 human
and animal cell lines

more appropriate for commercial use or where the purchaser has
little control over their use.

Cell culture collections will characterise cell lines new to them
using techniques such as DNA fingerprinting and expression
analysis to ensure that the identity of the cell line can be verified.
They will then grow the cell line for a few passages to provide a
Master Cell Bank, stored in liquid nitrogen, which will in turn
provide material to Working Cell Banks from which researchers
will be sent aliquots for their work. The samples stored in the
Working Cell Bank will be authenticated and certified free of
Mycoplasma and other common contaminating organisms.
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8.2. General Growth
Characteristics

8.3. Develop or Use
Existing Lines?

More recently, many large academic hospitals have developed
tissue banks, repositories of samples from patients, often but not
always including frozen tissue samples stored in liquid nitrogen
from which viable cells may be obtained.

When a new cell line is obtained, it is important for the laboratory
to document its growth characteristics, including morphology,
adhesion and serum requirements. Most laboratories passage new
lines to produce their own master and working cell line banks.
Storage of carefully labelled aliquots of early passage cells in liquid
nitrogen is standard within most experienced cell culture labora-
tories, as with time and many passages, any cell line can lose or
gain characteristics. Changes in genotype are common and direct
comparison of results between laboratories is sometimes difficult
as a result.

With such a wealth of cell lines available, it might be thought
unnecessary to propagate new cell lines from primary cell cul-
tures, but this is still valuable. As an example, it has recently
become clear that some non-small cell lung cancers have activat-
ing mutations of the EGFR gene (17). However, only a fraction
of these mutations are available within cell lines and established
cultures from lung cancers with unusual mutations would be very
valuable to researchers.

Although few laboratories now develop their own cell lines,
many produce variants of existing lines, for instance by exposure
of cell lines to drugs at increasing concentrations to produce vari-
ants with enhanced resistance. This allows the study of resistance
mechanisms. Technical methods now exist to allow stable trans-
fection of cells so that they overexpress genes of interest (18), and
this is even provided as a service by some companies. Some vari-
ants, for instance cell lines expressing luciferase (19) or green
fluorescent protein (GFP) (20) provide a simple means of assess-
ing their viability, and such markers can be linked to genes of
interest to provide simple markers of the level of gene expression
under different conditions (19).

9. Primary Cell
Culture

Several chapters within this book deal with primary cell cultures.
Cell lines have many advantages, but over time show genetic and
phenotypic drift as a result of their adaptation to cell culture.
There is much to be said for their reproducibility and ease of use,
but there is increasing realisation that overdependence upon cell
lines has some drawbacks. Many of these can be overcome by the
use of primary cell cultures.
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Cells can be extracted from tumours in the same ways used
to produce cell lines — the options are essentially mechanical or
enzymatic dissociation of cells, followed by culture in media
with the characteristics required by the experiment. Further
selection of dissociated cells by selective culture media, anti-
body-labelled magnetic beads, or density centrifugation can be
helpful to provide a more homogeneous population of cells for
study.

10. Basic
Laboratory Design
and Equipment

10.1. Laminar Flow
Cabinets

Cell culture requires a clean and well-designed laboratory with
sufficient equipment to allow safe, sterile working. The design
should be as ergonomic as possible — with areas designated for the
handling of new material and cultures free of contaminants.
Completion of work on clean material in an area should precede
work on potentially contaminated material, and there is some-
thing to be said for having separate incubators for potentially
contaminated cultures and for clean cultures. Shared facilities are
most at risk and need firm management to ensure that all users
respect the rules which are there to protect them and their work.
The guidance issued for Category 2 laboratories based on the
Advisory Committee on Dangerous Pathogens dates from 1985,
but makes useful points on lighting, heating, work surfaces, floor-
ing, hand washing and air pressure (negative to corridors) that
should be considered carefully.

The key equipment needs are listed and discussed below, but
there are many small items that may not be immediately obvious
to those starting up such facilities. Perhaps the most underrated
requirement is for storage space. While most consumables can be
ordered “just in time”, the sudden lack of media, plasticware, or
liquid nitrogen can render several months’ work worthless within
a few days. Stock control is a necessary concern for any cell cul-
ture laboratory and investment in this aspect of working practices
will pay dividends later.

Laminar flow cabinets are essential to allow cultures to be
passaged safely and reliably. The Class II or Class 100 safety
cabinet is ideal, as this provides operator and sample protection
by drawing air into a grill at the front of the hood, and recircu-
lating the air through a filter to provide sterile laminar airflow
onto the specimen. Laminar flow cabinets contain high effi-
ciency particulate air (HEPA) filters which need to be cleaned or
replaced on a regular basis. While extraction to the outer atmo-
sphere is preferred by most, cabinets with extraction to the room
via a second or third HEPA filter work well. Cabinets extracting
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10.2. Centrifuges

10.3. Incubators

10.4. Microscopes

to the outer atmosphere may need a pump on the roof of the
building to maintain a negative air pressure within any ducting
required.

Laminar flow cabinets obviously require laminar air flow, yet
this is often interrupted by equipment placed in the hood, ren-
dering the cabinet a lot less effective. The aim should be to have
as little in the cabinet as possible when working — a set of drawers
on wheels beside the cabinet can prevent the need to have too
much inside it. Environmental testing with agar plates exposed to
the air within the hood can be useful, and if cells which may have
a higher level of contamination (e.g. with known pathogens) are
to be used, then it is wise to consider a higher level of contain-
ment and to seck advice from a microbiologist. Finally, all laminar
flow cabinets require regular servicing — however costly and
unnecessary this may seem.

Cells do not require high speed centrifugation, and for short peri-
ods up to 40 min, refrigeration is also unnecessary. Most cell cul-
ture laboratories have multiple centrifuges of benchtop type with
sealed buckets to prevent aerosol contamination. It is useful to
purchase a type that has the ability to take multiple sizes of tubes,
and some will even spin microplates. Tubes should not be over-
filled and the centrifuge balanced carefully to avoid strain on the
rotor as well as aerosol production. Think about where centri-
fuges are sited to avoid overheating, and to allow easy access
without the need to juggle precious samples. Spills should not be
ignored, but cleaned up immediately according to the manufac-
turer’s instructions. A clear area of bench beside the centrifuge
helps enormously, and we have always sited our centrifuges close
to the laminar flow hoods to minimise the need to carry samples
half-way round the laboratory. Again, servicing is essential to
ensure that the centrifuge is performing within its expected limits
— the engineer will check that rotors are not cracked, that there is
no corrosion, and that electric motor brushes (if present) are
replaced when necessary.

Cell cultures require a carefully regulated environment in which
to grow. This usually means that one of the larger purchases
within the cell culture lab is likely to be at least two CO, incuba-
tors with temperature (animal cultures are usually performed at
37°C) and humidity control. Some more expensive versions
have copper coating or HEPA filters to provide microbiological
control, but placing copper filings in the water tray or adding a
treatment fluid to the tray will also help. Why two? Well, they do
break down, need regular (weekly) cleaning and frequent
servicing!

It is usually necessary to look at cells within flasks or microplates,
and this is virtually impossible with a standard upright microscope.
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10.6. Storage and
Other Facilities

10.7. Work Surfaces
and Flooring
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Even an inexpensive inverted microscope will prove a useful
addition to the laboratory. It should have a series of lenses from
x2 to x200 magnification and phase contrast as well as direct light
facilities. Fluorescence can be very useful and should be consid-
ered, though it adds significantly to the cost.

The ability to count cells is essential — in the past this was usually
performed using a haemocytometer and microscope, but recently
anumber of simple instruments have come onto the market which
provide greater accuracy and are of similar cost to an average
upright microscope. Most use a CCD camera system and a manu-
factured disposable slide chamber or cassette which can be filled
in the laminar flow hood. An alternative is a flow based cell coun-
ter, though these tend to be more expensive.

The average cell culture laboratory requires several refrigerators,
—20°Cand -80 °C freezers, and liquid nitrogen storage. Inventory
control is essential to keep these under control. The plasticware
required will fill a large number of drawers, cupboards, all of
which should be carefully labelled with their contents. Pipettes
should be of good quality and regularly serviced — automated
pipettes are often more accurate, even in the hands of an experi-
enced operator, and should be considered. It is worthwhile hav-
ing a strict policy to determine which pipette can be used in which
hoods to further control contamination.

Benches, walls and flooring should be easy to clean. If an older
laboratory cannot be redeveloped, then disposable or easily
wiped surfaces fixed to existing benches should be considered.
Walls should be capable of withstanding a variety of chemicals
including cleaning fluids, and floors should be resistant to crack-
ing if liquid nitrogen is in use. Continuous flooring with a coved
skirting board will reduce dust, and windows should be sealed
unless required as fire exits. Benches abut walls and need similar
consideration — many are now offered with a lip to prevent fluid
spills from finding a way between wall and bench. Safe working
heights for standing or sitting should be considered, and we rec-
ommend having at least two electrical sockets fitted with on/oft
indicator lights every metre or so. Some under-bench sockets
and high wall mounted sockets may be required for fridges and
freezers.

11. Quality Control

All cell culture laboratories should be run according to Good
Laboratory Practice Guidelines. A number of organisations
provide accreditation of clinical laboratories, and although
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11.1. Infection
and Microbial
Contamination

most cell culture is probably done within research laboratories,
similar principles should be applied. The major issues are
infection and contamination such that the results obtained are
inaccurate.

Cell cultures may be produced within endogenous (mainly viral)
infections, but most infections are acquired.

12. Bacterial
or Fungal

Bacterial or fungal infections of cell cultures are usually obvious —
the phenol red, if present, will turn yellow as the infection uses up
available nutients and acidifies the medium, and under the inverted
microscope the cells will be replaced by hyphae, yeast, or colonies of
bacteria. However, it is common practice to add antibiotics to cul-
tures and this can mask low level infection for a considerable time.

13. Mycoplasma

The most common and most missed infection in cell culture
laboratories is probably Mycoplasma, so much so that we have
devoted an entire chapter to it in this volume. Several species
are involved and their effects are insidious. The indicators that
there might be a problem include reduced growth rate, mor-
phological changes, chromosomal aberration, and altered
metabolism. There are several ways of testing for Mycoplasma
— and many manufacturers provide kits. It is possible to treat
Mycoplasma infection with antibiotics, but avoidance is the
best policy. Most laboratories simply dispose of infected cul-
tures and start again.

14. Vliruses

Viral infection is also insidious — some cultures contain viruses
in any case, either integrated into their genome, or as endog-
enous non-lethal infections. In many cases, these are not
regarded as infections, and viral transformation of cells is a
time-honoured method of producing continuous cell lines.
Bovine serum may contain viruses — particularly bovine viral
diarrhoea virus (BVDV), though manufacturers are aware of
this and test for it.
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15. Antibiotics

15.1. Contamination
of Cell Lines

The commonest antibiotics used in cell culture are penicillin and
streptomycin. In some circumstances, particularly primary cell
culture methods, this may be necessary and the addition of anti-
fungal agents may also be desirable. However, in many cases,
these agents are not necessary and leaving them out has the
advantage that they cannot interfere with experimental results,
particularly if potential drugs are being tested. Equally overuse of
antibiotics leads to the selection of resistant organisms in cell cul-
tures, just as it does in the population at large.

Many cell lines look the same under the microscope and confusion
of one vial with another or mislabelling is all too easy. Working with
one cell line rather than several at a time will help, but may not be
feasible. Good practice will help, and it is generally best to use
authenticated cell lines obtained from a tissue culture collection.

16. Safety

16.1. Risk Assessment

16.2. Maintenance

16.3. Disinfection
and Waste Disposal

The performance of risk assessment is a legal requirement in many
countries. The purpose is to identify and mitigate risks to indi-
viduals. Cell lines can be classified as low risk (e.g. non-human/
non-primate continuous cell lines and those with finite lifespans),
medium risk (poorly characterised mammalian cell lines) and high
risk (primary cell cultures, human cell lines, or those with experi-
mental or endogenous infections). Category 2 containment is
generally sufficient, but category 3 is required for cell lines con-
taining HIV and some other viral pathogens.

The correct maintenance of the infrastructure and equipment
within a laboratory is essential. This should include the equip-
ment listed above and should be performed at regular intervals.

Disinfection of culture waste minimises the risk of harm to indi-
viduals and is necessary before equipment is serviced.

Hypochlorites are good general purpose disinfectants, active
against bacteria and viruses, but can corrode metal surfaces — for
example in centrifuges. They need to be made up daily before
use, and commercial product instructions should be followed.

Alcohol is effective against all except non-enveloped viruses
and can be used on most surfaces. Aldehydes such as formalin or
glutaraldehyde are used for fumigation and are irritants. They can
be used on metals. Phenolic disinfectants are not active against
viruses, and are of limited use.
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Waste disposal may be handled by a central contractor, but it
is important to know how they do this — regular disposal is neces-
sary. Tissue culture waste and smaller used plastics such as pipette
tips should be decontaminated overnight in hypochlorite and
then incinerated. Larger items can be bagged for incineration
with care taken to ensure that any edges cannot penetrate the
bag. Sharps boxes are useful for pipette tips and needles.
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Chapter 3

Storage of Cell Lines

Katharine A. Parker

Abstract

The successful storage of cell lines depends upon many factors, including the condition of the cells to be
frozen and the experience of the operator. Attempting to freeze down unhealthy, contaminated or poorly
labelled cells can have huge implications for a research laboratory. This chapter outlines the importance
of good record keeping, vigilant monitoring, aseptic technique, and high-quality reagents in the success-
ful storage and downstream propagation of cell lines.

Key words: Cell lines, Liquid nitrogen, Recovery cell culture freezing medium, Aseptic, Dewar,
Cryopreservation, Cryovial

1. Introduction

Success in freezing down cells for long-term storage largely
relies upon the simplicity of the protocol in enabling the opera-
tor to work at speed. Modern reagents that have been developed
without the inclusion of harsh chemicals mean that steps such as
centrifugation to remove these chemicals from direct contact
with cells can be excluded from the protocol altogether. The
protocol for storage of cell lines requires much more than sim-
ply harvesting cells. To be able to store cells effectively and then
recover a high enough proportion for quality research, storage
conditions must be monitored on a permanent basis and excel-
lent records kept.

To store cells you first need the correct laboratory equipment.
At the very least, you need one liquid nitrogen storage dewar (but
preferably two), a regular delivery of liquid nitrogen to keep the
dewar topped up, personal protective equipment (cuffed liquid
nitrogen gloves and a visor), internal thread cryovials, a database
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or excel spreadsheet, and an array of tissue culture reagents. When
the facilities are in place, this then becomes a very rapid and reli-
able way of storing precious cell lines for future research.

Traditional methods for harvesting cells use proteolytic
trypsin digestion to lift cells from the surface of tissue culture
flasks. The drawback of this method is that it requires extra steps
to inactivate the enzyme using foetal bovine serum (which adds
to the cost) and then washing of the cell suspension with pre-
warmed media. A more modern, and efficient, method is to use a
recombinant enzyme substitute for trypsin, which is combined
with mild EDTA chelation to remove magnesium and calcium
ions, gently breaking the bonds holding the cells to the plastic
substrate (1, 2). For this reason, wash media (HBSS) should not
contain any magnesium or calcium ions.

The process outlined, in this chapter, involves harvesting cells
from the tissue culture vessels in which they are grown, usually
this is the plastic of polystyrene tissue culture flasks, using a
recombinant enzyme-based dissociation reagent called TrypLE™
(Invitrogen). This is then followed by the preparation of cells
for storage in recovery cell culture freezing media, a modern
premixed solution containing glycerol that buffers cells gently
through the freezing process and ensures maximum recovery.
The process is completed with the thawing process. With the
invention of enzyme-free reagents, this is a simple one-step pro-
cess without the need for centrifugation. In summary, every step
is optimised to avoid damaging the cells. Excessive pipetting and
centrifugation of cells leads to irreparable damage and poor
survival rates.

2. Materials

1. Sterile disposable polypropylene universal tubes (30 mL
capacity, with white labels).

. Sterile disposable serological pipettes (1.0-10.0 mL).

. Barcoded cryovials (1.0 mL internal thread) plus cap inserts.
. Indelible laboratory marker pen.

. 1°C Freezing container (5100 Cryo “Mr Frosty”; Nalgene).

N UL W

. Sterile disposable plastic Pasteur pipettes, 3.0 mL and capil-
lary stem.

7. Recovery cell culture freezing medium (oxygen sensitive
should be spilt into 1.0 mL aliquots and stored at -20°C to
reduce freeze-thawing and the amount of air coming into
contact with the medium).
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. Recombinant-enzyme cell dissociation solution “TrypLE™”

(Invitrogen) that should be divided into smaller aliquots to
reduce pH alteration and stored at +4°C.

. Hanks Balanced Salt Solution with phenol red and without

magnesium and calcium (HBSS; 100 mL bottles can be stored
at +4°C).

Sterile disposable Petri dishes.
Inverted microscope.

Two liquid nitrogen storage vessels (dewars) so that if one
fails for some reason you always have a backup.

3. Methods

3.1. Harvesting Gells

3.2. Freezing Cells

. Select cells for storage, cells should be a maximum of 80%

confluent (see Note 1).

. Using HBSS prewarmed to 37°C in an incubator, wash the

cells (3.0 mL for a standard 25 cm?® (T25) flask and 5.0 mL
for a standard 75 cm?® (T75) flask) to remove any debris (see
Note 2).

. Add TrypLE™ to the flask, 1.0 mL for a T25 flask and 2.0 mL

for a T75 flask by holding the flask at approximately a 20°
angle from the working surface, rocking gently to ensure the
whole monolayer of cells is covered. Replace the lid and place
into an incubator for 1 min (see Note 3).

. After 1 min take out the flask and holding it flat, gently tap

once on a clean, flat surface to dislodge any remaining cells.
Check the cells have lifted sufficiently under an inverted labo-
ratory microscope (see Note 4).

. When the cells have lifted, add prewarmed media or HBSS to

the flask and remove to a sterile universal tube for centrifuga-
tion. For maximum recovery of cells, the volume of media
used should be spilt into two and two washes performed (see
Note 5).

. Spin the cells at 1,000 x g for 5 min to form a good cell pellet

(see Note 6).

. Cells to be stored should be harvested immediately prior to

usc, using IlOI]CHZYITlatiC reagents, to cnsure maximum

viability.

. Prepare a freezing container (e.g. “Mr Frosty”) for use by

bringing to room temperature and ensuring it contains the
correct level of isopropanol (see Note 7).
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3.3. Thawing Cells

. Clearly label pre-barcoded cryovials using an indelible

laboratory marker with cell line designation (e.g., MCE-7
or SNB-19), passage number, date of storage, operator
initials, concentration of cells, and size of flask frozen down
(e.g. T25 or T75) (see Note 8).

. Centrifuge harvested cells at 1,000 x4 for 5 min to form a

good pellet.

. Using a second sterile capillary stem pastette, carefully remove

the supernatant and discard (see Note 9).

. Pipette 1.0 mL recovery cell culture freezing medium

(Invitrogen) on to the top of the cell pellet using a serological
pipette. Then taking a new sterile pastette (again a capillary
tube style is best) gently aspirate the pellet to mix, before
carefully transferring to a cryovial.

. Transfer the cryovials to the freezing container, screw the lid

on firmly and place into a —-80°C freezer immediately (see
Note 10).

. After 24 h, transfer the frozen cryovials to a liquid nitrogen

dewar, ideally spitting cells between two dewars, making a
note of the exact location.

. When thawing cells for use, it is important to use aseptic tech-

niques at all times and work quickly to ensure maximum
recovery of viable cells (see Note 11).

. Identify the cryovials to be thawed and ensure you update the

dewar records to show which cells you will be removing (see
Note 12).

. Place the items required for thawing cells into the laminar

flow cabinet, ready for use. Media does not need to be pre-
warmed (see Note 13).

. Clearly label tissue culture flasks and make sure you work only

with one cryovial of cells at a time in the laminar flow cabinet —
contamination of cells at this point is possible and worth
avoiding by good technique (see Note 14).

. Pipette the appropriate media into a clean, sterile flask, ready

for the cryovial to be thawed. Replace the lid at all times when
not in use.

. Place the cryovial to be thawed into a sterile Petri dish and

warm in a 37°C incubator, checking at regular intervals (see
Note 15). Never spray cryovials with alcohol or biocleanse
before placing them in a laminar flow hood, instead wipe
them gently with a paper towel soaked in alcohol (making
sure you do not wipe off the indelible marker).

. When the cryovial contents are almost completely thawed,

take them and place in the laminar flow hood.
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8. Using a sterile pastette, aspirate the contents into the

corresponding prelabelled flask, rock gently to mix, and
place into the incubator. It is not necessary to centrifuge
cells that have just been thawed from liquid nitrogen stor-
age (see Note 16).

. After 24 h, check the cells have adhered (if suspension, then

wash cells as per normal protocol) and replace the media with
fresh media (see Note 17).

4. Notes

. When harvesting cells for storage it is important to ensure

the growth phase is exponential, so that upon resurrection
the cells are programmed to start dividing rapidly. Cells
that have gone into full confluence for a long time do not
always survive the freezing process; however, cells that are
scant in number upon thawing can be rescued (see Note 16).
If you are attempting to freeze cells that are fully conflu-
ent (which usually only happens by accident, if you check
them each day), it is better to split them equally into two
cryovials for storage so that they have room to grow when
thawed.

. It is preferable to warm HBSS and other tissue culture

reagents in an incubator; however, they can be warmed in a
water bath ensuring that they are placed inside sealed plastic
bags first and then anchored to the side to avoid immersion.
If there is any chance that water from the bath has come into
contact with the reagent bottle, then the bottle must be dis-
carded. When performing tissue culture always remember
that the cost of losing a cell line to infection is far greater than
the cost of a bottle of wash media.

. For stubborn cells that are difficult to lift or have a double-

layer effect of cells (e.g., LS174T colon cells), TrypLE™ can
be used straight from the fridge.

. If there are any cells that have not lifted, this is probably due

to the cells not being washed adequately or being too conflu-
ent prior to harvesting. It is, however, completely safe to place
the flask back into the incubator for a further minute, before
checking under the microscope, and this can safely be repeated
up to a maximum of 20 min.

. The volume of wash or media depends on the user. The

author recommends 5.0 mL for a T25 and 10.0 mL for a
T75; however, the important thing is that you wash the flask
out a second time to ensure all cells are removed.
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6.

10.

11.

Cells should be spun and processed as quickly as possible.
Cooled centrifuges are not recommended as the temperature
fluctuations between room and centrifuge are too great. If
this is not possible, for example it you have a fire alarm and
have to evacuate the building quickly, you can store the cells
in the fridge briefly, but make a note in the dewar log.

. You will need to keep a record of when the isopropanol is

changed, ideally this should be after every three uses.

. One of the most important pieces of information when freez-

ing down cells is the size of the vessel from which they were
harvested. If you know that everyone in your laboratory har-
vests cells at 70-80% confluent, then you can safely assume that
a competent operator can thaw cells into the same size vessel.
A popular method is to thaw all cells, no matter what number
or origin, into a T25 to ensure survival, but if you are quite
experienced this is not necessary. If, however, you are new to
tissue culture, are thawing cells from another laboratory or a
cell line bank, then always thaw cells into a T25 to be on the
safe side. When freezing down cells, label all cryovials to be
used before commencing tissue culture. Used an indelible
laboratory marker and if there are a number of operators
sharing a dewar, cryovials are available with different colour
caps or coloured inserts that fit into a clear cap. Passage num-
bers are always sequential, they start at zero if you initiate the
culture yourself from biopsy, and if you buy in cell lines it will
tell you what passage they have been supplied at. Every time
you split a flask of cells, the passage number increases by one.
When you resurrect a cryovial of cells the passage number is
the same as when they were frozen down. When making up
batches of cells for storage, store cells at every passage to ensure
you have plenty of backups.

. If you accidentally disturb the pellet when removing the

supernatant, you can recentrifuge the cells. Always use fresh
pastettes, and if doing multiple pellets at the same time,
pipette the recovery cell culture media on to the top of all
pellets before starting to aspirate one by one.

The container will gradually freeze the cells over a 24-h period
before transfer to a liquid nitrogen dewar, and by using the
isopropanol as a temperature buffer, this will be slow enough
that the cells do not suffer any damage. Cells should be rou-
tinely transferred to liquid nitrogen storage after 24-h, unless
stored prior to a weekend.

The introduction of a pathogen to a cell line, through poor
aseptic technique, can quickly mean whole batches of cells are
infected. For this reason, it is important to always use separate
tissue culture and wash media for each cell line and bank
stocks of cells as regularly as possible.
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In the interests of working quickly, it is important to know
the location of the cells you require before attempting to
open a liquid nitrogen dewar. Liquid nitrogen rapidly escapes
the vessel once opened, raising the temperature inside, so to
avoid compromising your cells and those of others, good
organisation is the key. Plastic inserts that fit inside the cap of
the cryovial can be written on and mean that they are easily
visible, without having to remove them from the dewar racks.
Any step taken to minimise the amount of time vials are
removed from the dewar reduces the likelihood of damage to
stored cells. It is important to note that if you have a cryovial
with contents unknown, for whatever reason, it should not be
used. There is no way of confirming the contents, no matter
the experience of the operator, and the downstream implica-
tions of mixing up cell lines are huge.

Because the cells are coming directly from cold storage it is
not essential that media is prewarmed.

An up to date log of cells stored in liquid nitrogen should be
maintained, to ensure that cryovials can be located easily and
batches of any one cell line do not run too low. The easiest
way to do this, but perhaps not the most simple to set up, is
to use barcoded cryovials. Using barcodes means an extra
safety precaution in the event of smudged handwriting or
operator error. Barcoded cryovials can either be used in con-
junction with a barcode scanner and database, or simply on
their own with an excel spreadsheet or log book. The bar-
codes are guaranteed never to come oft, but it is important
that you do not rely upon these alone because it is not
unknown for the barcodes to be written down incorrectly.
Allocate one box, or even one straw, per operator so that cells
are casy to find. When you have used a cryovial of cells, make
sure you update the records to reflect this. This ensures that
the batches of cells do not run out.

If you have access to an autoclave, freshly sterilised small glass
beakers are more cost effective than Petri dishes. Never do
more than one cryovial at a time, to avoid getting cells mixed
up. When using RCCEFM you can put cells straight into a new
tissue culture flask without centrifuging to remove the media
in which they were frozen, this avoid extra damage and maxi-
mises cell recovery.

When cell numbers are low or there has been a problem with
the storage process you can rescue a cell line by reconstituting
in 1.0 mL of media and seeding in a “droplet” shape on the
surface of a tissue culture flask. Without disturbing the drop-
let, place into an incubator for 24 h. Seeding cells in a small
circle ensures that the cells remain in close contact with each
other which is essential for cross exchange of growth signals
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between neighbouring cells and avoids overdiluting any
growth factors produced.

17. According to which cell line you are using, you may find that
48 h may be required for sufficient adherence of cells.
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Chapter 4

Characterization and Authentication of Cancer
Cell Lines: An Overview

Yvonne A. Reid

Abstract

Studies of the same cell lines by different laboratories are common in the literature and often show
different results with the same methodology. Use of best cell culture practices is essential to ensure
consistent and reproducible results. Assay outcomes are easily influenced by many factors including
changes in functionality, morphology, doubling time of cells, passage numbers, microbial contamina-
tion, and misidentification of cells. Simple observation, monitoring, and documentation of cell mor-
phology and behavior, including growth rates, provide early warning and should be standard practice.
Changes may indicate microbial contamination, genotypic drift due to high passage number, or cross-
contamination with another cell line. Rapid molecular methods allow the identification of microbial
and cross-contamination. Increasingly, authentication of cell lines is a prerequisite for scientific publi-
cation to avoid erroneous results entering the literature.

Key words: Cell line, Characterization, Authentication

1. Introduction

Over the last few decades, there has been a progressive increase in
the use of cell systems, particularly as both tools and models for
basic research and industrial applications. New therapies in which
cells and tissue engineering play a pivotal role are becoming more
widely used. The use of cell systems in systems biology, the human
genome project, the emerging fields of metabolomics and pro-
teomics, and the discovery of new biomarkers for disease will lead
to further significant developments in biomedical science (1).
These cell systems have relied heavily on the use of cell lines. Very
often the same cell line is studied, simultaneously, by several
research laboratories throughout the world, with the expectation
that each laboratory is using the same cell line and that the results
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are directly comparable. However, many studies have shown that
this is often not the case. Thus, regardless of the cell system
adopted, the use of best cell culture practices to ensure consistent
and reproducible results are paramount. Reliable assay outcomes
are easily influenced by many factors including changes in func-
tionality, morphology, doubling time of cells, passage numbers,
microbial contamination, and misidentification of cells. These
inconsistencies in cell characteristics, authenticity, and quality
have led to false results and have provided invalid comparisons of
data among laboratories with similar research interests.

Observing, monitoring, and documenting cell morphology
and behavior are important tools in tracking changes and moni-
toring the health of the cells in culture. For example, the mouse
3T3 cells grow as multipolar fibroblasts at low density, but become
epithelial-like at confluency. Morphological changes were also
observed as the medium, and substrate were changed when cul-
turing these cells (2). As the population doubling levels (PDL)
increase, cells become granular and highly vacuolated. A change
in morphology is sometimes an early sign of deterioration of the
culture and often indicates that the cells are differentiating (3),
are contaminated with another cell line, or are undergoing crisis.
It is highly recommended that morphological observations are
made at the same cell density, growth stage, medium, and
substrate.

2. The Growth
Curve

Establishing a growth curve is another useful tool for determin-
ing the optimal growth condition of a cell line. Plotting the total
number of viable cells (y-axis) vs. days in culture (x-axis) gives a
growth curve that is characteristic for a given cell line. There are
three stages of the growth curve (1) the lag phase: the period of
adaptation to culturing conditions; (2) the exponential phase: the
cells are most reproducible and viable and may be the best stage
for removing samples for experimental procedures; and (3) the
stationary phase: the growth rate is reduced or ceases due to
nutrient depletion or due to contact inhibition of the cells.
However, during this phase, there may be a relative increase in
the synthesis of specialized proteins compared with structural
proteins (4). In some cases, harvesting cells at this stage of the
growth curve may be best for experimental use. The growth curve
provides several pieces of information that is necessary to opti-
mize the growth of the cell line (1) the cell concentration range
at which the cells are subcultured is determined at the upper part
of the exponential phase before entering into the stationary phase;
(2) the inoculum at subculture is the cell concentration range at
the lower end of the exponential phase; and (3) the population
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doubling time (PDT) is determined from the slope at the linear
stage of the mid-exponential phase. Changes in the number of
cells inoculated at subcultivation may result in changes in the slope
of the exponential phase and consequently change in the PDT.
Given that the growth conditions are constant, these phases are
characteristic of each cell line and will result in consistent mea-
surements for each phase with each subculture (5). Consistent
recording and application of growth curve parameters for each
cell line will give rise to consistent and reproducible results and
better comparison of scientific data among laboratories.

3. Contamination

Microbial contamination (bacteria, fungi, Mpycoplasma, and
viruses) of cell culture systems continues to be problematic. In a
majority of cases, microbial contamination is overt and is visible
with the naked eye. However, low levels of contamination of the
more fastidious microorganisms are often missed by many observ-
ers. By including a series of microbiological tests, most common
microorganisms can be detected. For example, bacteriological
media (i.e. blood agar, thioglycollate, trypticase soy, brain heart
infusion, Sabouraud, and YM broths plus nutrient broths with 2%
yeast extract) tests incubated at 37 and 26°C, under aerobic and
anaerobic conditions, will detect the most fastidious organisms
known to infect cell cultures and media (6).

Due to the insidious nature of Mycoplasma infection and its
harmful impact on numerous cell functions, such contamination
requires careful examination. The presence of some Mycoplasma
species may produce cytopathic effects (7). Other species may
metabolize and proliferate extensively without inducing notice-
able changes in morphology. In either case, Mycoplasma infection
can invalidate research findings by interfering with studies of metab-
olism, receptors, virus—host interactions, and cell divisions (6).
There are numerous well-established methods for detecting
Mycoplasma in cell culture, including direct cultivation, indirect
flurochrome staining (Hoechst or DAPI), DNA hybridization,
and PCR.

The three tests most commonly performed are the agar
method (direct), Hoechst stain (indirect), and PCR. The standard
agar culture test currently in use, described by Macy in 1979 (8),
involves inoculating agar with samples from cell cultures,
incubation under aerobic and anaerobic conditions, for exami-
nation after 4 weeks. Detection of Mycoplasma using conven-
tional culture method remains the gold standard and is described
by Code of Federal Regulations 21 CFR Ch.1 (4-4-01 Edition)
§610.30 Subpart D — Mycoplasma; European Pharmacopeia
(2.6.7 ‘Mycoplasma’); CBER, FDA Points to Consider in the
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Characterization of Cell Lines Use to Produce Biologicals. The
second method involves the flurochrome Hoechst 33258®. This
method is robust in detecting more than 40 different Mycoplasma
species, including Mycoplasma hyorbinis, but sensitive enough to
detect tew Mycoplasma per cell (9). The third method employs a
PCR assay for the detection of Mycoplasma and Acholeplasma.
The procedure involves nested amplification of primers designed
specifically to the spacer regions of the 16S and 23S ribosomal
RNA regions of Mycoplasma and Acholeplasma. This method is
very sensitive and less time consuming than the agar and Hoechst
stain methods (10).

The detection of endogenous and contaminating viruses in
cell culture systems is most challenging since most infections
are not obvious or have a distinctive cytopathic effect (CPE).
However, absence of CPEs does not mean that the culture is virus
free. In fact, persistence of latent infectious viruses in cell culture
will remain undetected until appropriate test methods are imple-
mented. Some of the more common viral detection methods are
PCR, CPE, indirect immunofluorescent antibody (IFA), and
enzyme immunoassay (EIA) (11).

4. Changes During
Cell Culture

A fundamental misconception of cell culturists is that diploid or
continuous cell lines will not change during propagation. However,
many scientific publications have demonstrated the divergent
effects of long-term culturing (or increase passaging) on cell line
morphology, development, and gene expression (12—17). Cell lines
placed in culture, long-term, are likely to undergo selective pres-
sures that may lead to genotypic and phenotypic instabilities. These
instabilities can give rise to an increased number of mutations in
genomic DNA (gDNA) and mitochondrial DNA (mtDNA) and,
subsequently, growth modulation (18, 19). The human Caco-2
cell line is frequently used as a model system for drug transport and
toxicity studies. Several reports, including Hughes et al. (20-23),
have demonstrated passage-related differences in growth rates and
transepithelial electrical resistance (TEER). Caco-2 cells obtained
from various Cell Banks and propagated at high passage (50 times)
were found to have elevated paracellular permeability of the mono-
layer (consistent with decreasing TEER values); decrease in the
transcellular permeability of the cells (consistent with a reduction
in p-GP); and an increase in the proliferation rate of the cells when
compared with cells at low passage. The effect of increased passage
on cell culture characteristics is also demonstrated in other cell
lines, including the prostate cell line, LNCaP (14), breast cell line,
MCEF-7 (24), and pluripotent ES cells (25).
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Extensive cellular cross-contamination or misidentification of
animal cell cultures is a long-standing problem in cancer and
other biomedical research dating back to the 1950s (26). Although
numerous publications have addressed this issue (27-31), the
problem has persisted. The cost associated with invalidated
research is estimated to be in the tens of millions of dollars (32).
In most cases, the cells involved are not routinely tested for intra-
or interspecies contamination, and the information pertaining to
these cultures is assumed to be correct based upon the reputation
of the source. The lack of routine testing was confirmed by a
recent survey conducted by Buehring et al. (33) who announced
that of the 483 respondents, 46% never tested for cell identity,
35% obtained cells lines from another laboratory, and 63%
obtained at least one cell line from another laboratory rather than
from a major repository. She also reported that over 220 publica-
tions from 1969 to 2004 in PubMed searches supported Hel.a
“contaminants” as models of ovarian cancer.

Hel.a, a cell line derived from an invasive cervical carcinoma,
has been shown to contaminate more than 90 cell lines (34, 35).
More recently, Drexler et al. (36) have reported on receiving 500
leukemia cell lines and found 15% of the cell lines to be cross-
contaminated; 59,/395 were received directly from the original
investigators and 23 /155 were received from secondary investi-
gators. The NCI-60 panel of 60 cancer cell lines, widely used for
basic research and drug discovery, has some cross-contaminated
cell lines. Based on SNP and karyotyping analyses, the multidrug-
resistant MCE-7 (originally designated MCF-7 /AdrR and later
redesignated NCI/ADR-RES), a derivative of MCF-7 breast
adenocarcinoma cell line, was found to be unrelated to MCE-7
but related to OVCAR-8 a human ovarian carcinoma cell line
(37). SNP analyses at the Sanger Institute have demonstrated that
the SNB19 and U251, glioblastoma cell lines, thought to be
unrelated have been found to be related. Similar findings showed
that the breast adenocarcinoma cell lines, MDA-MB-435, widely
used in breast cancer research, have been shown by cDNA
microarray analysis (38) and STR analysis (39) to be derived from
the melanoma cell line, M14.

The most frequently used assay for determining the species
of origin of animal cell lines are immunological tests, isoenzymology,
karyotyping, and more recently cytochrome ¢ subunit 1 (COI)
(40, 41) for interspecies determination and STR (29) and SNP
(42) analyses for intraspecies identification. Interspecies identifi-
cation of animal cell lines by COI analysis relies on a multiplex
PCR assay that rapidly identified 14 of the most common animal
species in cell culture. The protocol involves amplification of a
universal primer pair that targets a 650-bp COI consensus
sequence. Each species is characterized by a specific amplicon
size, which is used for identification. Procedure can be extended
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to identify unknown species by sequencing the amplicons and
comparing them to sequences of voucher specimens (41).

Human cell lines are identified by either (short tandem repeat)
STR or SNP (single-nucleotide polymorphism) analysis. STR
analysis (DNA profiling) is the most commonly used method
based on its simplicity, robustness, and informativeness. It involves
the simultaneous amplification of several STR markers (about
eight) plus amelogenin for gender determination. Using a multi-
plex PCR reaction, eight STR markers can discriminate one
unique human cell line from another at a level of 1x10~°. Each
unique cell line has a distinct DNA pattern and the method can
be used to detect contamination of human cells at a level as low
as 10% (43).

Roland Nordone (44) has elevated the discussions pertain-
ing to misidentification of cell line to a public policy issue. In
2008, he wrote a white paper on “Eradication of cross-contami-
nated Cell lines: a call for action.” The “Call for Action” chal-
lenges the various stakeholders including the funding agencies,
editors of journals, professional scientific societies, and scientists
to take responsibility for their actions. The widespread use of
misidentified cell lines has led to increase publications in refereed
journals with erroneous results. As stakeholders, government
and private funding agencies have a responsibility not to support
grants and contracts that do not address authentication of cell
lines; that the editors of journals request authors to authenticate
their cell lines as prerequisite for publication; that professional
societies support policies, conduct workshops, conferences, and
training activities addressing the issues of cellular contamination
and the adaptation of cell line authentication standards; that
heads or laboratories and senior administrators ensure that staff
members are well trained and are adhering to standard operating
procedures which include authentication of cell lines (44) This
responsibility extends to requiring scientists to issue published
erratum when misidentification of cell lines are identified. Most
important, the public should hold all the stakeholders account-
able, especially when public funding is involved. The “Call for
Action” has led to several events, including several journals (Cell
Biochemistry and Biophysics, BioTechniques, In Vitro Cellular
& Developmental Biology — Animal, AACR journals — Cancer
Research, Cancer Epidemiology, Biomarkers & Prevention,
Molecular Cancer Research, Clinical Cancer Research, and
Cancer Prevention Research) are now requiring authentication
of cell lines as a prerequisite for publication. In addition, an
International Standard on the use of STR analysis for the identi-
fication of human cell lines is being drafted and sponsored by the
ATCC® Standards Development Organization. Representative
of the standard group are members of industry, academia, reg-
ulatory agencies, and cell banks.
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It is highly recommended that, during the propagation of a
cell line and certainly before publication, the functionality or a
unique characteristic test is performed to confirm previous results.
For example, the hTERT-immortalized cell line does not demon-
strate increased polyploidy but remain diploid during propaga-
tion; that the mouse 373 fibroblast cells remain contact inhibited
and can be induced to form adipocytes; that the mantle cell lym-
phoma cell lines continue to express the CD 20 marker and dis-
plays (11;14)(ql13:q32) translocation.

5. Conclusion
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Chapter 5

Online Verification of Human Cell Line Identity
by STR DNA Typing

Wilhelm G. Dirks and Hans G. Drexler

Abstract

The main prerequisition for any research, development, or production programs involving cell lines is
whether a cell line is authentic or not. Microsatellites in the human genome harboring short tandem repeat
(STR) DNA markers allow the identification of individual cell lines at the DNA level. Polymerase chain reac-
tion (PCR) amplification of eight highly polymorphic microsatellite STR loci and gender determination
have been proven to be the best tools for screening the uniqueness of DNA profiles in an STR database. The
main Biological Resource Centers (BRCs), ATCC, DSMZ, JCRB, and RIKEN, have generated large data-
bases of STR cell line profiles for identity control. In cooperation with the Japanese BRCs, DSMZ has
piloted the generation of the most comprehensive international reference database, which is linked to a
simple search engine for interrogating STR cell line profiles. The tool of online verification of cell line
identities is available on the respective homepages of JCRB and DSMZ (http://cellbank.nibio.go.jp/
cellbank_e.html, http://www.dsmz.de /STRanalysis). The following sections describe a rapid, practical,
inexpensive, and reliable method available to students, technicians, and scientists.

Key words:  Authentication, Human cell lines, DNA STR typing, Quality control,
Cross-contamination

1. Introduction

Given the large number of human diseases, cell lines as model
systems have wide applications in the medical and pharmaceutical
industry, whereby drug and chemical testing was first carried out
exhaustively on in vitro systems to reduce the need for difficult
and invasive animal experiments. The requirement for authentica-
tion of cell lines has a history almost as long as cell culture itself,
presumably beginning when more than one cell line could be
cultured continuously.

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_5, © Springer Science+Business Media, LLC 2011
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1.1. History of Cell
Line Identification

1.2. DNA Typing
Technologies

The application of specific species markers including cell surface
antigens and chromosomes showed that interspecies misidentifica-
tion was a widespread problem (1, 2). Subsequently, it was shown
that intraspecies contamination of human cell cultures was also a
serious problem, which could be monitored by the innovation of
isoenzymatic analysis (3). After extending this approach to multiple
polymorphic isoenzymes, the persistence of specific marker chro-
mosomes in long-term-passaged cell lines demonstrated the unique
power of cytogenetics (4). Based on the detection of chromosomal
markers, it was convincingly demonstrated that multiple cell lines
under active investigation were actually derived from one source,
namely the HeLa cell line (5). Furthermore, cross-contamination
among established cell lines occurred at frequencies as high as
16-35% in the late 1970s (6). Recently, our department has dem-
onstrated an incidence of 14% of false human cell lines (7-9) indi-
cating intraspecies cross-contamination as a chronic problem and
highlighting the badly neglected need for intensive quality controls
for cell line authenticity.

When compared with polymorphic isoenzymes or marker chro-
mosomes, a much higher resolution in discrimination among
human cell lines was achieved using restriction fragment length
polymorphism (RFLP) of simple trinucleotide repetitive sequences
(10), which lead subsequently to the concept of “DNA finger-
printing” (11). The principle of the method is based on the
phenomenon that genomes of higher organisms harbor many
variable number of tandem repeat (VNTR) regions, which show
multiallelic variation among individuals (12). Sequence analysis
demonstrated that the structural basis for polymorphism of these
regions is the presence of tandem-repetitive, nearly identical DNA
elements, which are inherited in a Mendelian way. Depending on
the length of the repeats, VNTRs are classified into minisatellites
consisting of 9 to >70 bp core sequences, and microsatellites which
include all short tandem repeats (STRs) with core sizes from 1 to
6 bp. STR typing of tetrameric repeats is now the gold standard
and an international reference technique for authentication of
human cell lines (13). The ATCC, DSMZ, JCRB, and RIKEN cell
line banks have each built their own STR databases based on the
following specific set of STR loci: D5S818, D13S317, D7S820,
D16S539, vWA, THO1, TPOX, CSF1PO, and Amelogenin
(AMEL) for gender determination. Amel has meanwhile become
the most suitable gene for gender determination of samples from
human origin (14). Using specific primers in polymerase chain
reaction (PCR) applications, the sequence of the X-chromosomal
version (AMELX, Xp22.1-Xp22.3) yields a 209 bp amplicon,
while the Y-chromosomal gene (AMELY, Yp11.2) yields a 215 bp
DNA fragment, which may be easily separated by different elec-
trophoresis techniques (15). Hence, samples from male sources
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will show two bands in a PAGE analysis (209 and 215 bp), while
temale-derived cell lines will show only one band (209 bp).

Most facilities culturing cells use multiple cell lines simultane-
ously. Because of the complexity of experimental designs today
and because of the fact that the broad use of cell lines in science
and biotechnology continues to increase, the possibility of inad-
vertent mixture of cell lines during the course of day-to-day cell
culture is always present. Based on the reputation of a laboratory,
the information on an exchanged cell line within a scientific coop-
eration is normally thought to be correct. This is the main reason
for the increasing problem of cross-contaminated cell cultures all
over the world. However, cross-contaminations of cell cultures
appear to be the “peccadillo” of scientists, since publication of
alerting reports on misidentified or cross-contaminated cell lines
are most often simply ignored by the scientific community.

The authentication of human cell lines by the scientific service
of DSMZ demonstrates that cross-contamination remains a
chronic problem among human continuous cell lines. The combi-
nation of easy and rapidly generated STR profiles and their authen-
tication by an online screen at the reference database (http://
www.dsmz.de /STRanalysis) constitute a major and novel advance
in decreasing the use of false cell lines. Today a modern average
laboratory applying molecular biology and cell culture techniques
is equipped with PCR machines and capillary electrophoresis,
which are essential for STR DNA profiling. Multiplex PCR targets
multiple locations throughout the genome and is an ideal tech-
nique for DNA typing because the probability of identical alleles
in two individuals decreases with an increase in the number of
polymorphic loci examined. The advent of fluorescent labeling of
PCR primers permits the multiplexing of STR loci which may have
alleles that fall in the same size range by labeling the overlapping
loci with different colored fluorescent dyes that can then be
resolved spectrally. The technique consists of multiplexed STR
PCR amplification of eight prominent and highly polymorphic
minisatellite STR loci and one additional locus for gender deter-
mination by the detection of the Amelogenin gene. The combina-
tion of eight STRs increases the exclusion rate to a sufficient extent
and allows the discrimination of one human cell line from another
at the level of 108,

2. Materials

All solutions should be prepared in water that has a resistivity of
18.2 MQ cm and total organic content of less than five parts per
billion. This standard is referred to as “distilled water” in this text.
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2.1. DNA Extraction

2.2. Multiplex STR
Typing

2.3. GCommercial Kits
for DNA Typing

2.4. STR Primer
Sequences and
Genomic Location

1. Phosphate-buffered saline (PBS): 140 mM NaCl, 27 mM KCl,
7.2 mM Na,HPO,, and 14.7 mM KH,PO,, pH 7.2, autoclave.

2. Absolute isopropanol and absolute ethanol.

3. TE 10/1: 10 mM Tris—-HCI, 1 mM EDTA, pH 8.0 pre-
warmed to 50°C.

4. High Pure PCR Template Preparation Kit (Roche).
5. Water bath prewarmed to 72°C.

6. Standard tabletop microcentrifuge capable of 13,000 x g cen-
trifugal force.

7. Standard spectral photometer for the determination of DNA
concentration.

1. Thermal cycler (any supplier).
2. Taq DNA polymerase (any supplier).

3. The primers should be concentrated at 100 uM in TE (10/1)
as stock solution and stored at —20°C, while working
solutions should be aliquoted at 10 uM in small amounts
(ca. 25-50 puL aliquots) and stored frozen at —20°C.

4. Standard tabletop microcentrifuge or centrifuge capable of
96-well plates.

5. Capillary electrophoresis unit (any supplier).

Kits from commercial sources are now predominantly used by
labs around the world for their ease of use and high discrimina-
tory power. Since the major BRCs, ATCC, DSMZ, JCRB, and
RIKEN, have built the STR databases based on a specific set of
STR loci, customers can use the following kits for STR amplifi-
cation deemed to be compatible with the use of databases and
the online STR search engine. The application of commercial
multiplex STR kits should be carried out strictly following the
specific manuals of Promega Corporation and Applied
Biosystems.

1. Promega Corporation, (Madison, WI, USA): PowerPlex®1.1,
full compatibility over nine loci; Power Plex®1.2, full compat-
ibility over nine loci; and PowerPlex® 16, full compatibility
plus seven additional loci.

2. Applied Biosystems, (Foster City, CA, USA): AmpFISTR®
Identifiler™, full compatibility plus seven additional loci;
AmpFISTR® Profiler™, eight compatible plus two additional
loci; and AmpFISTR® COfiler™, six compatible loci plus two
additional loci.

Fluorescent labeling of the PCR primers permits the multiplexing
of STR loci even when alleles fall into the same size range. Labeling
the overlapping loci with different colored fluorescent dyes
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enables the analysis. Depending on the capillary electrophoresis

available, group 1 of primers can be labeled by one specific dye,

which should be different from group 2 primers or the respective

dye for the size standard. Only one of a primer pair of an STR

locus should be labeled, regardless if it is the forward or reverse

primer.

STR primer group I (dye I)

D16S539, chromosome 16q22-q24; noncoding region:

5'-GGG GGT CTA AGA GCT TGT AAA AAG

5-GTT TGT GTG TGC ATC TGT AAG CAT GTA TC.

D13S317, chromosome 13q22-q31; noncoding region:

5'-ACA GAA GTC TGG GAT GTG GAG GA

5'-GGC AGC CCA AAA AGA CAG A.

D5S818, chromosome 5q21-q31; noncoding region:

5'-GGT GAT TTT CCT CTT TGG TAT CC

5’-AGC CAC AGT TTA CAA CAT TTG TAT CT.

D7S8820, chromosome 7ql11.21-q22; noncoding region:

5'-ATG TTG GTC AGG CTG ACT ATG

5'-GAT TCC ACA TTT ATC CTC ATT GAC.

STR primer group 11 (dye 11)

CSF1, chromosome 5q33.3—-q34; 3'-UTR of c-fms proto-oncogene
for CSE-1 receptor gene:

5-AAC CTG AGT CTG CCA AGG ACT AGC
5-TTC CAC ACA CCA CTG GCC ATC TTC.

TPOX, chromosome 2p23-2pter; intron 10 of human thyroid
peroxidase gene:

5'-ACT GGC ACA GAA CAG GCA CTT AGG
5’-GGA GGA ACT GGG AAC CAC ACA GGT TA.

THO1, chromosome 11pl5—pl15.5; intron 1 of human tyrosine
hydroxylase gene:

5-ATT CAA AGG GTA TCT GGG CTC TGG
5'-GTG GGC TGA AAA GCT CCC GAT TAT.

vWA, chromosome 12p12-pter; 3'-UTR of van Willebrandt factor
gene:

5'-CTA GTG GAT GAT AAG AAT AAT CAG TAT GTG
5'-GGA CAG ATG ATA AAT ACA TAG GAT GGA TGG.

AMEL, chromosome Xp22.1-p22.3, Yp 11.2 coding region of
amelogenin:

5-ACCTCATCCTGG GCACCCTGGTT
5'-AGG CTT GAG GCC AAC CAT CAG.
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Alternate primer sequences for the amplification of
above-mentioned STRs as well as the information on the PCR
products and allele sizes are available at http://www.cstl.nist.
gov/div831 /strbase.

3. Methods

3.1. Prerequisitions
for DNA Typing

3.2. Preparation
of High Molecular
Weight DNA

General rules to avoid DNA carry over contamination should be
strictly followed: DNA extraction should be carried out using
equipment (pipettes, microcentrifuge, etc.) which is independent
from the PCR set-up. Optimally, this laboratory is separated from
those rooms where the PCR reaction is set up or the PCR prod-
ucts are analyzed. All reagents should be stored in small aliquots
to provide a constant source of uncontaminated reagents. New
aliquot batches should be tested and compared for quality prior
to any use. Reamplifications should never be carried out. If pos-
sible, the place of setting up the reactions should be a PCR work-
ing station or a hood capable of irradiating used pipettes, tips,
and tubes by UV light. Finally, it is highly recommended to wear
gloves during the whole procedure. Furthermore, it is also funda-
mental to integrate the appropriate positive and negative controls
(e.g., HeLa DNA and H,O, respectively).

The principle of this assay is that cells are lysed during a short
incubation time with proteinase Kin the presence of a chaotropic
salt (guanidinium-hydrochloride), which immediately inactivates
all nucleases. Nucleic acids bind selectively to glass fibers pre-
packed in the filter tube. Bound genomic DNA is purified in a
series of rapid washing and spinning steps to remove inhibiting
cellular components. Finally, low salt elution releases the DNA
from the glass fiber cushion.

1. Cell culture suspensions (see Notes 1 and 2) containing
3-5x10° diploid cells are centrifuged in an Eppendorf tube
at 1,000 x4 for 4 min in a 14-mL tube. The supernatant is
removed with a disposable pipette and discarded. The remain-
ing pellet is carefully resuspended in 5 mL PBS using a pipette.
Repeat centrifugation.

2. After the washing step, the pellet is resuspended in 200 pL
PBS by vortexing. Make sure that even tiny clumps of cells
are carefully resuspended. Prewarm the water bath to 72°C.

3. For isolation of the genomic DNA, the commercially avail-
able DNA extraction kit from Roche is applied. 200 pL of
well-mixed solution I (guanidinium-hydrochloride) is added
to the sample solution and mixed by careful pipetting.

4. Add immediately 40 UL proteinase K, mix well using a vortex
and incubate at 72°C for at least 10 min.
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5. Add 100 pL of isopropanol to the sample, mix well and apply
the whole mixture to a filter tube. Centrifuge for 1 min at
6,000 x 4.

6. Discard the flow through, add 500 uL of inhibitor removal
buffer and centrifuge again for 1 min at 6,000 x 4.

7. Discard the flow through, add 500 puL of wash buffer and
centrifuge again for 1 min at 6,000 x 4.

8. Repeat step 8.

9. Add a new tube and 200 pL of elution buffer preheated to
72°C and centrifuge for 1 min at 6,000 xg. For maximum
yield the elution step should be repeated using 100 pL elu-
tion buffer.

10. Using a standard spectral photometer, genomic DNA should
be adjusted to 10 ng/uL per sample of a diploid cell line.

11. Genomic DNA (see Note 3) should be stored at 4°C
temperature.

The multiplex PCR described here contains eight different STR
loci and gender determination. The amplification procedure and
the parameters are optimized for an application in 0.2-mL reac-
tion tubes in an i-Cycler thermal cycler (Bio-Rad). It is funda-
mental to integrate the appropriate positive and negative controls
(e.g. HeLa DNA template and H,O, respectively). Prepare a pre-
master mix calculated for 25 pL per reaction of each sample, plus
one additional reaction every ten samples. For a single reaction,
the components are as follows:

(a) 10 pmol of all primer pairs (1 uL of a 10 uM working solu-
tion containing all primer pairs) (see Notes 4—6)

(b) 2.5 uL 10x Hot start PCR butffer (any supplier)
(c) 1 uL ANTP (5 uM stock solution)
(d) 0.2 uL (1 U) hot start Taq polymerase (any supplier)
(e) 19.5 pL distilled water.

Genomic DNA should be added after the mastermix has been
placed into all reaction tubes or to 96-well reaction plates. Finally,
1 uL of genomic DNA adjusted from 0.2 to 1 ng/uL is added to
the reaction and the tubes/plates are centrifuged for 4 min at
600 x4.

The STR PCR program is as follows:

Cycle 1 95°C for 3 min, one repeat

Cycle 2 94°C for 30 s
57°C for 30 s
72°C for 45 s, 30 repeats

Cycle 3 60°C for 15 min, one repeat
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3.4. DNA Fragment
Detection and Allelic
STR Lists

3.5. Online Evaluation
of Suspicious STR
Profiles

The application of commercial multiplex STR kits should be
carried out strictly following the specific manuals of Promega
Corporation and Applied Biosystems. If not using commercial kits,
it is important to take care to use general amplification parameters.
A “hot start” PCR should be always performed to activate the Taq
DNA Polymerase and to prevent the formation of nonspecific
amplification products. The number of cycles depends on the
amount of DNA: 30 cycles are recommended for all samples.

Since DNA possesses a constant mass-to-charge ratio, some form
of separation matrix is needed to separate different sizes of DNA
fragments by their molecular weight. In traditional gel electro-
phoresis, the requirement for a sieving matrix is met with poly-
acrylamide or agarose gels. The movement of larger DNA
fragments is impeded relative to that of the smaller DNA frag-
ments as the molecules migrate through the gel under the influ-
ence of an electric field. Polyacrylamide gels are no longer the
only slab gel systems available for resolving STR alleles. A recent
publication was able to demonstrate that even small agarose gels
could have sufficient resolving power to type tetranucleotide
repeats. Even dinucleotide repeats could be resolved with
MetaPhor agarose and detected with SYBR Green staining (16).

Various automated fluorescence detection systems have been
used for separation, detection, and typing of STR alleles. Full
automation of the electrophoresis process with no need to pour
the gel or manually pipette the samples onto the gel is one of the
big advantages of capillary electrophoresis (CE). With the higher
sensitivity of laser-induced fluorescence, sample preparation is no
longer necessary. Samples are diluted in water or formamide and
can be easily detected. Separation of STR alleles may be per-
formed in a matter of minutes rather than hours. Using the CE
developed by Beckman—Coulter, aliquots of 1 uL of the amplifi-
cation products are combined with 0.25 pL of an internal size
standard (Size standard kit 400, Beckman—Coulter) in a total vol-
ume of 30 pL of sample loading solution in a microplate. The
samples are automatically loaded and analyzed using fragment
analysis parameters, which have been established by the binning
procedure after 6 months of DNA typing of cell lines at DSMZ
(see Table 1). The fragment analysis software of CEQ 8000
enables the precise determination of detected alleles resulting in a
genotype summary list. Allelic numbers of STR DNA fragments
may be precisely determined by other technique or by allelic lad-
ders in the ABI system. Once the sizes are known, respective allele
numbers can be deduced from Table 1.

A simple search engine for interrogating STR cell line profiles has
been made available on the homepage of DSMZ. Once the prob-
lem of false negatives due to discrepant representation of single



Table 1
Allele organization and sizes of amplified human STR loci
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Allele D5S818 D13S317 D7S820 D16S539 vWA THO1 TPOX CSFIPO Amelogenin

NI TR (R N, YN

23

114
118
122
126

130
134
138
142
146
150
154
158

164
168
172
176
180

184
188
192
196
200
204

169
173 209=X
212 266 177 220 287 215=Y
216 270 181 224 291
220 274 185 228 295
224 278 189 232 299
228 282 193 236 303
196
232 286 118 197 240 307
236 290 122 201 244 311
240 294 126 205 248 315
244 298 130 252 319
248 302 134 256 323
252 306 138 327
142 331
146
150
154
158
162
166
170

The table summarizes the nucleotide range and the number of known alleles of each STR loci (http://www.cstl.
nist.gov,/div831 /strbase). Regular fragment sizes in base pairs of alleles are printed in bold, variant alleles are

printed in italics

STR alleles — e.g., by losses of heterozygosity and bottlenecking
selection — has been tackled and unambiguous search results are
produced, human cell lines will need to be consistent with con-
sensus STR reference data sets. STR profiles of all human cell
lines distributed by DSMZ, JCRB, and RIKEN and one-third of
the cell lines distributed by ATCC are now publicly accessible at
http:/ /www.dsmz.de /STRanalysis using an interactive database
where match criteria have been arbitrarily set to 60%. Registered
users simply login at the online STR analysis site on the DSMZ
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homepage and will be guided. Aided by simple prompts, users
can input their own cell line STR data to retrieve best matches
with authenticated cell lines listed on the database. Inevitably,
reference profiles remain subject to revision until all commonly
held cell lines have been STR typed across participating reposito-
ries. At present, about 2,342 such cell lines have been STR typed
and are represented as reference sets on the database. Armed with
this tool, online verification of cell line identity should prove a
vital weapon to combat the havoc of cell line cross-contamination
which has dogged cancer research since inception.

4. Notes
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Chapter 6

Cytogenetic Analysis of GCancer Cell Lines

Roderick A.F. MacLeod, Maren Kaufmann, and Hans G. Drexler

Abstract

Cancer genes are often deregulated by genomic rearrangements. Accordingly, analysis of the participant
chromosomes responsible now occupies a key role in characterizing and identifying cancer cell lines.
Cytogenetics may also be used to study the nature and extent of chromosome breakage induced by radia-
tion or chemicals (“clastogenesis”), to distinguish individual cells or clones within a tumor cell popula-
tion and to monitor the stability of chromosome rearrangements. This chapter describes cytogenetic
procedures for characterizing cancer cells in culture. Cell lines allow the use of a wider range of harvesting
and hypotonic treatments to optimize metaphase chromosome preparations than that possible with pri-
mary cultures. This assists improved banding, fluorescence in situ hybridization (FISH), and Spectral
Karyotyping (SKY) analysis for research, rendering cell lines ideal tools for oncogenomics, ideally in par-
allel with transcriptomic analysis of the same cells. The experience of the writers with more than 800 cell
lines has shown that no single hypotonic harvesting protocol is adequate consistently to deliver satisfac-
tory chromosome preparations. Thus, evidence-based protocols are described for hypotonic harvesting,
rapid G-banding, and FISH and SKY analysis of cell cultures to allow troubleshooting and fine-tuning to
suit the requirements of individual cell lines.

Key words: Cytogenetics, Chromosome, Hypotonic treatment, FISH, G-banding, SKY

1. Introduction

1.1. Background: The Numerous cancer cell lines have been established since Hela in
Utility of Cytogenetic 1951. From human leukemia and lymphoma alone, probably the
Characterization best documented group, more than 1,500 examples are known,

and this does not include sister cell lines and subclones. The risk
of cross-contamination and the difficulty of identifying cell lines
are correspondingly high (1). Cytogenetic analysis has become a
core element for identifying and characterizing cancer cell lines,
mainly because it affords a rapid means of checking the species of
origin, and for the unique key it provides to classifying cancer
cells based on their distinct patterns of recurring chromosome

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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rearrangements in both hematopoietic and, increasingly, in solid
tumors as well (2). Recurrent chromosome changes provide a
portal to mining underlying mutations at the DNA level in cancer,
and cell lines are rich territory for characterizing them, and for
testing new drugs to combat these mutations. This has led to the
development of “intelligent” therapeutic approaches, which tar-
get specific cancer causing mutations such as the tyrosine kinase
inhibitor imatinib (Gleevec), which inhibits the BCR-ABL fusion
protein in chronic myeloid leukemia (CML). Imatinib, now used
widely to treat CML and certain solid tumors with analogous
mutations, including gastrointestinal stromal tumors, was initially
developed using cell lines sourced from this institute (3).

Cancer changes reflect developmentally programmed patterns
of gene expression and responsiveness within diverse cell lineages
where dysregulation of certain genes facilitates evasion of existing
antineoplastic controls, including those mediated by cell-cycle
checkpoints or apoptosis. The tendency of cells to produce neoplastic
mutations via chromosomal mechanisms, principally translocations,
duplications, and deletions (http://atlasgeneticsoncology.org/,
http: //www.sanger.ac.uk /genetics /CGP/Census /), renders these
changes microscopically visible, facilitating cancer diagnosis by
chromosome analysis. Among the different types of alterations pro-
moting cancer, those affecting chromosomal structure, notably
recurrent chromosome translocations leading to gene fusion or
upregulation upon which the neoplastic cell proliferation ultimately
depends, combine the greatest informational content with the
greatest stability. For example, cell lines established from CML
patients with t(9;22)(q34;q11) causing fusion of BCR with ABL —
the primary oncogenomic change in CML - retain this transloca-
tion in vitro (4). Although the usefulness of karyotype analysis for
the characterization of cancer cell lines lies principally among those
derived from tumors with stronger associations with specific chro-
mosome rearrangements, €.g., hematopoietic (5), mesenchymal,
and neuronal (6), an increasing variety of epithelial tumors have
also been found to carry recurrent translocations (2).

Microscopic methods, such as cytogenetic analysis, require
observations performed at the single-cell level, thus allowing
detection of intercellular differences. Hence, a second virtue of
cytogenetic data lies in the detection of distinct subclones and the
monitoring of stability therein. With the exception of doublings in
their modal chromosome number from 2# to 4 (“tetraploidiza-
tion”), cell lines appear to be rather more stable than is commonly
supposed (6-9). Indeed, the most intense phase of chromosomal
rearrangement occurs in vivo, namely, physiological receptor gene
rearrangement in T- and B-lineage lymphocytes (10, 11).

Cell lines also provide useful materials for studying clastogenesis.
The role of chromosome breakage, notably in cancer, is currently a
major research topic. Chromosome fragility occurs nonrandomly,
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clustered at so-called “fragile sites”. However, to visualize these sites
it is often necessary to culture cells in specific conditions conducive
to their expression, procedures which are facilitated by use of cell
lines. Our own data suggest a connection between sites of chromo-
some instability and loci bearing micro-RNA genes (9).

A further application of cytogenetic data is to identify and mon-
itor cell line identities. At least 18% of new human tumor cell lines
have been cross-contaminated by older, mainly “classic,” cell lines,
which tend to be those most widely circulated (12, 13). This prob-
lem, first publicized over 30 years ago (14) but neglected of late
(15, 16), poses an insidious threat (17). While concordant DNA
profiles of cell line and donor should be documented at the time of
first publication, this ideal is still honored mainly in the breach.
Thus, users wishing to check the identities of many, if not most,
tumor cell lines in use are forced to relinquish DNA profiling for
cytogenetics. Fortunately, karyotypes of many human tumor cell
lines are published enabling suitably equipped users to check the
identities of their own cultures by cytogenetic analysis. In addition,
“quick and dirty” cytogenetic testing provides a rapid way to check
the species of origin most commonly encountered among cell lines,
such as mouse, rat, chinese or golden hamster, while experienced
operators may be able to identify more exotic species.

In biology, few methods have proved more durable than cytoge-
netics. Over the last four decades, or so, tumor cytogenetics
remained in the forefront thanks to a series of advances, both
technical and informational. By revealing latent striations using a
variety of staining procedures, “chromosome banding”, it first
became routine to distinguish and identity each of the 24 differ-
ent human chromosomes (referred to as numbers 1-22, X, and Y)
in the early 1970s. The original standard methods were princi-
pally Q(uinacrine)-banding (18), and G(iemsa)-banding (19).
A further modification, trypsin G-banding (20), has gained the
widest currency since its introduction in 1973 because of'its speed
and simplicity. Banding techniques were instrumental in the iden-
tification of the “Philadelphia chromosome” (Ph) marker and its
origin via a reciprocal translocation, t(9;22)(q34;ql1) (21), a
mechanism not guessed when the Ph was first observed as an
insignificant dot-like chromosome present in unbanded bone
marrow chromosome preparations of CML patients more than a
decade earlier (22). This observation ushered in the realization
that cancer is caused by somatic gene alterations.

Simultaneous improvements in speed, sensitivity, and accuracy
followed in the wake of computer-aided image analysis in the early
1990s, which enabled complex tumor karyotypes to be at last con-
fronted, if not confounded. However, the resolution of tumor kary-
otypes was even then still often hampered by the presence of complex
marker chromosomes yielding abnormal banding patterns.
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The advent of fluorescence in situ hybridization (FISH) during
the late 1980s and 1990s (23, 24) represented the next advance in
cytogenetics. FISH exploits the stability and specificity of DNA—
DNA hybrids formed after exposure of chromosomes to homolo-
gous DNA under renaturating conditions. FISH required the
availability of nonisotopically labeled deoxynucleotides combined
with a straightforward method for their efficient incorporation into
DNA by nick translation. This need prompted the commercial
development of chromosome library (“painting”) probes specific
for each of the 24 different human chromosomes. Pairwise combi-
nations of painting probes when contrastingly labeled — usually red
versus green with the remaining chromosomes counterstained in
blue —may be used to resolve chromosome translocations. However,
the components of complex “marker” karyotypes are by definition
unknown, demanding time and resource-hungry approaches based
on trial-and-error. This Gordian knot has now been cut following
the availability of multicolor probe mixtures enabling each chro-
mosome to be distinguished (reviewed in (25)). Analysis requires
short pass chromatic visualization systems, cither filter-based (e.g.,
from Cytovision or Metasystems), or spectrophotometric (namely,
SKY from Applied Spectral Imaging).

Thanks to the technical and informational resources afforded
the research community in the guise of “tilepath” bacterial artificial
chromosome (BAC), or fosmid, clones which have been sequenced
and positioned onto the human gene map, it is now possible to locate
chromosome breakpoints in cancer cell lines with respect to poten-
tially relevant genomic features, such as genes or regulatory regions.
In this way, FISH serves to bridge the gap between classical cytoge-
netics and molecular biology.

In this chapter, we describe basic cytogenetic procedures which
have been adapted in our laboratory for use with cell cultures. For
those planning de novo cytogenetic analysis of tumor cell lines, it
is convenient to split the task into the following steps: harvesting
(see Subheadings 2.1. and 3.1), G-banding (see Subheadings 2.2,
2.3, and 3.2), and FISH (see Subheadings 2.3, 2.4, and 3.3).

2. Materials

2.1. Harvesting

Unless otherwise indicated, reagents may be stored up to 4 weeks
at 4°C.

1. Cell culture(s) maintained in logarithmic phase.

2. N-Deacetyl- N-methylcolchicine (colcemid) 100x solution
(Invitrogen): 4 ug,/mL stock solution; store refrigerated for
up to 1 year.



2.2. G-Banding Only

2.3. G-Banding and FISH

—

Cytogenetic Analysis of Cancer Cell Lines 61

. FUDR /uridine100x stock solution. Mix one part 5-

fluoro-2'-deoxyuridine (FUDR) (Sigma) (25 ug/mL) and
three parts 1-B-d-Ribofuranosyluracil (uridine) (Sigma;
1 mg/mL); store refrigerated for up to 1 year.

. Thymidine 100xstocksolution: 1-(2-deoxy-B-d-ribofuranosyl)-

5-methyluracil (thymidine) (Sigma). Dissolve 50 mgin 100 mL
autoclaved TE buffer (10 mM TrissHCI pH 7.5; 1 mM
EDTA). Filter-sterilize through 0.22-um filter.

. Trypsin 0.5 g/1-EDTA 0.2 g/L (Invitrogen) for removal

and dispersal of adherent cells; store at (-20°C) for up to
6 months.

. Stock hypotonic solutions: KCl 5.59 g/L; or Na citrate

9.0 g/L. Working hypotonic solutions: mix KCI and Na cit-
rate (e.g., 20:1, 10:1, 1:1, 1:10, 1:20, etc.) shortly before
use, allowing time to reach desired temperature.

. Fixative. Mix absolute methanol and glacial acetic acid at 3:1.

Use fresh but can be stored up to 4 h at 4°C.

. Slides (frosted ends for annotation). Wash mechanically over-

night in warm ion-free detergent; rinse twice in deionized
water; oven-dry, and leave overnight in ethanol (70%). Slides
should then be polished using a lint-free cloth (or nonshred-
ding tissue) and stored wrapped in aluminum foil at -20°C
until use.

. Phosphate-buffered saline (PBS): adjusted to pH 6.8 (Giemsa

solution) or pH 7.2.

. Trypsin stock solution (140x): dissolve 17.5 mg trypsin 1:250

(Difco) in PBS (pH 6.8). Store 500-uL aliquots at (-20°C)
for up to 6 months.

. Giemsa stain (1.09204.0500 Merck). Dissolve 5 mL in

100 mL PBS (pH 7.2) and filter before use.

. Routine microscope with phase-contrast illuminator and

the following objectives: x10 (phase contrast), x40 (phase
contrast), and x50 (brightfield dry) for slide evaluation and
preliminary analysis.

. Image analysis system for G-banding and FISH (see Note 1).
. Laboratory oven for slide aging (G-banding) or slide drying

(FISH).

. Coplin jars, 100 mL (glass), for staining and washing.
. 4x SSC: 35.1 g NaCl, 17.7 g Na citrate made up to 1 L.

Adjust to pH 7.2.

. 0.5x SSC, 2x SSC, and so forth: dilute from 4x SSC stock

but monitor pH.
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2.4. FISH Only

. Ethanol: absolute, 90%, 70%. Can be used twice, thereafter

discarded.

. Pepsin stock solution: dissolve 250 mg pepsin (Sigma P7012)

in 12.5 mL of deionized H,O. Freeze 500-uL aliquots
(=20°C) and store for up to 6 months.

. Pepsin working solution: Dilute 500-puL stock solution in

100 mL deionized H,O containing 1 mL of 1 N HCI; store
at (-20°C) for up to 6 months.

. Formaldehyde solution: 1% formaldehyde in PBS (pH 7.2)

containing 50 mM MgClL,.

. Acetone, for use in mild pretreatment.

6. Hybridization buffer (“hybrisol”): Mix 5 mL deionized for-

11.

12.

13.
14.

15.
16.

17.

mamide (GenomeLab sample loading solution, Beckman-—
Coulter, Fullerton, CA), 1 ml 40% dextran sulfate, and 4 ml
250 mM Na,HPO, in 5x SSC. (In our experience, commer-
cial hybridization buffers are not entirely reliable because they
may contain impure formamides capable of crippling fluores-
cent probe signals.). Store at room temperature (contains
formamide).

. Cold competitor DNA for prehybridization with probes con-

taining repeat sequences: Cot-1 DNA, 1 pg/ul (Roche);
store at (-20°C).

. Nail varnish (clear).
. Rubber cement.
10.

Hybridization chamber: sealed container with an internal shelf to
separate slides (above) from humidifier (e.g., water-impregnated
towels (below)). Lidded stainless-steel instrument sterilization
trays make admirable hybridization chambers, being readily ster-
ilizable and both rustproof and heat resistant.

Hybridization bed: prewarmed freezer block kept in incuba-
tor at 37°C; use during application of probes to slides.

Wash solution: 4x SSC with 0.1% Tween-20, molecular biol-
ogy grade (Sigma). Slides can be dipped into wash solution
between any steps to prevent drying out.

Plastic coverslips for probe detection (Qbiogene).

Mounting medium: Dissolve 50 ng/mL 4', 6-diamidino-2-
phenylindole dihydrochloride (DAPI) in Vectashield antifade
mounting medium (Alexis).

Coverslips: glass, grade 0.22 and 60 mm.

Chromosome painting probes: store at (-20°C) unless other-
wise stated (see Note 2).

Research microscope with the following objectives with as
large numerical apertures as budgets permit: x10 (phase
contrast for evaluating unstained preparations), x50 Epiplan,
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brightfield dry (for evaluating Giemsa-stained preparations),
x63 Planapochromat (oil), or equivalents from other manu-
facturers. We can specially recommend the x100 Zeiss
Apochromat (with 1.46 numerical aperture) oil objective;
this is equally useful for both brightfield and FISH work.
Ideally, a cytogenetics research microscope should be equipped
with a motorized filter wheel and configured to an appropri-
ate FISH imaging system (see Note 1).

3. Methods

3.1. Harvesting and
Slide Preparation
(See Note 3)

Mammalian cells in continuous culture typically divide every
1-3 days. The metaphase stage of mitosis, the only cell cycle stage
when chromosomes are clearly visible, usually lasts less than 1 h,
severely reducing the number of cells available for conventional
cytogenetic analysis. Accordingly, the fraction of dividing cells
must be enriched by exposure of growing cultures to colcemid or
some other mitotic blocking agent for a few hours, or longer in
the case of slow-growing cells. It is therefore important to ensure
that cell cultures are in their logarithmic growth phase by feeding
and, if necessary, diluting/seeding out. Neglect of this simple
precaution is an all-too-common cause of failed harvests. It is dif-
ficult to overstate just how crucial initial harvesting and slide
preparation is to subsequent success with both G-banding (see
Subheading 3.2) and FISH (see Subheading 3.3). Cytogenetics
textbooks often list harvesting protocols where hypotonic treat-
ment is limited to the standard incubation (in 0.075 M KCl at
ambient temperature for 7 min) with little discussion of possible
options. In our experience, choice of hypotonic treatment is the
main key to successful harvesting cancer cell lines for cytogenetic
analysis (26). We find that hypotonic treatments that consistently
yield good preparations with one cell line are often totally unsuit-
able for another of similar origin. It is therefore necessary to
determine empirically which harvesting procedure is optimal for
each cell line. This may be achieved by harvesting, in parallel, cell
aliquots exposed to a range of hypotonic conditions (namely, with
a variety of different buffers and incubation times and, if need be,
incubation temperatures, etc. See Table 1 for an actual worked
example).

Unlike hypotonic treatment, fixation permits standardiza-
tion. Although some deterioration occurs, fixed cells can be
stored for several years at —20°C until required. Immediately
prior to slide-making, cell suspensions should be washed in fresh
fixative. Slide-making is performed by dropping cell suspension
onto ice-cold, precleaned slides held at a slight angle (about
1-in-10 to 1-in-20) on top of a prefrozen (-20°C) freezer cold
block. Two drops aimed at the slide region immediately under



MaclLeod, Kaufmann, and Drexler

64

gdaopy 91qusia Apreredos sowosowolyd ou Yum ‘(sqesnun)

UoISNPUOd AI01DBJSTES JIOW B SPILMO] ISIATEY PUOIIS
ur s1aggnq d1uolodAy Jo 95107d 9Y3 I22IIp 03 UONBULIOJUT PIPIA0Id 11 ‘pIpIedsIp sem IsdATey ISIY 9yl ySnoyife ‘@Y-DY JO Ised Y1 U] "pajednu() 47u/) ‘uorsuddsns
PD dsng ‘omyeradwia], dmay, ‘Sutpueq-0y H 10 SU013w142499V 43610 I DL IV, AQ Pouyop a1e sonienb pue sonnuenb aerpawsiu] “Iserjuod-sseyd ropun
PAMOIIA UM SPHIBWIOIYD d[1deNa1 1o snoydiowe s (1ood) 0O, pue (a8e1dae) g, ‘spreworyd pajeredos Apredp ‘pros ‘joqered yam (poo3) v, :A3ojoydiopy
,, PUE SOWOSOWOIYD IdA0-Passord Fummoys saseydeldw sow ypim (d[qesn) g, ‘uaoiq Apsowr
mq v, se ‘(HSIq 107 21qesn A[qissod) YV, [qisia A[areredds sowrosowoayd 3souwr 1o [[e pm rewndo ¢y, :se paugap st Jurpeardg «dg ‘mor 1ad aseyderow 1s D,
‘sproy 1omod mof ua 1ad aseydersw 12 g, ‘p1RY 2dodsomtw (x~) 1omod mor 1ad aseyderowr 12 .y, SMO[[O] se pauyap st saseydeldw Jo Aanuend) () suouwiaagqy

1594 N&Quh&u ac Nﬁ\«ﬁ &N mm&&ﬂ Xl ”COUU< ou HHNUQUM— O svau Sl HWE:UENL.U
= v  qav v 1 - 1 1 |34
v v v 1 - 1 0¢ Bl
1 g S V4 8 I 91 av v v L - I 1 qg
= 4 Vv v L M - I 0T TWOT ye 114
L1 pue [:0Z 319 EN:[9) A1} ‘pIeasIp :uonay saf eaday ajqeynsun :buipueq-y
5 - = - = o) q q L - + - Pl
a - = - = D D D L DolE - - + B) |
= - = - = o v v L - + - qr
quo aa.1a52y = = = = g4 Vv q L Id = = + T O] ye el
dsng9,02- HSIH 919 Anun [elol ydiop ids 0 WA dwal JaylQ 8 9N aqnL awn ‘ou  ajeq
2,08— 3,09 EN Plwad|o) 1saniey
suoisuadsns pue sapi|s s)nsay juawiyean o1uojodAy

(195 99V ZINSA) 8-04 40} 193ys p109a1 Bunsaniey

IalqeL



Cytogenetic Analysis of Cancer Cell Lines 65

the frosted zone and at the lower middle, respectively, should
result in figure-of-cight spreading patterns suitable for both
G-banding and FISH. Once made, slides can be variously stored
for a few years at -80°C, for short intervals at room temperature
for FISH, or aged overnight at 60°C for G-banding.

Day 1

1. Add colcemid (final concentration 40 ng/mL) to growing
cultures for 2—4 h.

2. As an alternative to colcemid treatment, incubate cells over-
night with FUDR to improve chromosome morphology (see
Note 4).

Day 2

3. Suspension cell cultures: aliquot cells (e.g., four times in
10-mL tubes), centrifuge (5 min at 400 g), and discard
supernatant.

4. Adherent cell cultures: Shake vigorously to remove mitoses
and retain supernatant in centrifuge tube (50 mL). Meanwhile,
rinse remaining adherent cells with serum-free medium or
PBS and discard wash. Add sufficient trypsin/EDTA to cover
the cells and incubate briefly (5-15 min) with intermittent
light agitation. When cells are ready (i.e., “rounded up”),
shake vigorously and remove by rinsing with supernatant
from the centrifuge tube. Then, centrifuge aliquots as with
suspension cultures. (The serum present in the culture
medium will act to inactivate residual trypsin activity.)

5. Resuspend cell pellets gently by manual agitation. Add 5-20 vol.
from various working hypotonic solutions (20:1, 1:1, etc.).
Incubate paired aliquots at (initially) room temperature for
1 min and 7 min, respectively (see Table 1 for example).

6. Centrifuge and discard supernatant. Resuspend cells gently
and carefully add ice-cold fixative, at first dropwise, and then
faster, until the tube is full.

7. Store refrigerated for 1-2 h.

8. Equilibrate to room temperature to minimize clumping, then
centrifuge (5 min at 400 g). Repeat.

9. Store fixed cells overnight at 4°C.
Day 3
10. Next day, equilibrate to ambient temperature, then centri-
fuge (5 min at 400 g). Repeat twice.

11. Resuspend cells in sufficient fixative to yield a lightly opaque
suspension. Typical cell concentrations range from 2 to
8 million cells per milliliter.
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3.2. Trypsin G-Banding
(See Note 5)

12.

13.
14.

15.

16.

17.

18.

19.

20.

Remove four precleaned slides (one per harvest tube) from
storage at (-20°C) and place on a plastic-covered freezer
block held at a slight incline away from the operator by inser-
tion of a pipette.

Locally humidify by breathing heavily over the slides.

Holding the pipette approx 30 cm above the slides, place two
drops of cell suspension onto each slide, the first immediately
below the frosted zone and the second about two-thirds
along the slide. Do not flood.

Lift slides in pairs for speed. Breathe over them again to maxi-
mize spreading.

(Optional) To improve spreading, gently ignite residual fixative
(with a camping stove or Bunsen burner). Do not allow slide to
get hot, as this could spoil subsequent G-banding and FISH.

Label and air-dry. Stand slides vertically until dry.

Examine slides by phase-contrast microscopy and assess each
hypotonic treatment individually (see Note 3).

Prepare slides from successful treatments, mixing cell suspen-
sions if more than one is deemed adequate. Label.

Store unused cell suspensions at -20°C in sealed 2-mL
microfuge tubes filled to the brim to exclude air. Under such
conditions, suspensions remain stable for several years; we
have performed FISH successfully using 5-year-old suspen-
sions. Suspensions cryopreserved in this way must be thor-
oughly washed in fresh fixative prior to slide preparation.
After sampling, suspensions should be refilled to the brim,
marking the original level to control dilution.

Although several banding methods are in use, the standard pro-
cedure involves G-banding by trypsin pretreatment (20).
G-Banding selectively depletes the chromatin of certain proteins
to produce strong lateral bands after staining with Giemsa
(Fig. la). Analysis of chromosomes harvested using the above-
described technique should typically reveal some 300 bands, the
absolute minimum required for detecting noncryptic rearrange-
ments. However, with stretched or submaximally condensed
(prometaphase) chromosome preparations up to 1,000 bands
may be distinguished.

1.

Fresh slides are unsuitable for immediate G-banding. Slides
must be aged first. This is best achieved by baking over-
night at 60°C in a dry oven. About six to eight slides con-
taining an adequate supply of well-spread metaphases with
good chromosome morphology should be prepared for
each cell line.



3.3. FISH (See Notes 7
and 8)
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2. First prepare three Coplin jars, one each for 500 pL trypsin in
70 mL PBS (pH 7.2), ice-cold PBS (pH 6.8) to stop enzy-
matic activity, and 5% Giemsa in PBS (pH 6.8).

3. A Coplin jar containing trypsin in PBS should be placed in a
water bath at 37°C and equilibrated to 37°C before use.

4. A second Coplin jar containing PBS alone should be placed on
ice nearby and allowed to equilibrate to about 4°C before use.

5. To estimate optimal trypsin incubation times, dip the first
slide halfway into the trypsin for 10 s and, thereafter, the
whole slide for another 10 s to test, in this case, for 10 s and
20 s trypsinization times, respectively.

6. Immediately, stop trypsin activity by immersion in ice-cold
PBS for a few seconds.

7. Stain in Giemsa solution for 15 min.

8. Rinse briefly in deionized water and carefully blot-dry using
paper towels.

9. Examine microscopically (see Note 6). Scan for likely meta-
phases at low power. Examine in more detail those selected at
higher power using the Epiplan dry objective. From the chro-
mosome banding quality, decide whether the suitable trypsin
time lies within the 10-20 s range spanned by the test slide.
If satisfactory, repeat steps 1-8. If unsatisfactory, repeat steps
1-8 using longer (e.g., 3045 s) or shorter (e.g., 3-6 s)
trypsin test times, as appropriate until the optimal incubation
time becomes apparent.

Chromosome painting describes FISH using mixtures of DNA
covering an entire single chromosome (“whole chromosome
probe”). Painting probes may used singly or in color-contrasted
mixtures — the latter maximizing the informational possibilities,
e.g., by confirming a translocation suspected after G-banding.
Hybridization with painting probes for chromosomes 3 and 7 is
shown in Fig. 1b to illustrate a chromosome rearrangement in
B-cell lymphoma. Whichever probe combination is adopted, it is
usually necessary to counterstain the chromosomes. The standard
counterstain is  6-diamidino-2-phenylindole  dihydrochloride
(DAPI), which yields deep blue color, more intense at the cen-
tromeres, in particular those of chromosomes 1, 9, and 16, and in
the terminal long-arm region of the Y chromosome. In better
preparations, DAPI generates negative G-bands that most image
analysis programs can convert into G-bands. Painting probes can
be produced by selective PCR amplification of human chromo-
somal material retained by monochromosomal human/rodent
hybrid cell lines. By exploiting human-specific repeat sequences
(e.g., Alu) as primer targets, it is possible to amplify human DNA
selectively. Such probes inevitably include significant amounts of
human repeat DNA hybridizing indiscriminately across the genome,
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which must be suppressed. This is achieved by preincubating probe
material together with unlabeled (“cold”) human DNA enriched
for repetitive sequences by a two-step denaturation-renaturation
process. During renaturation, the most highly repetitive sequences
(Cot-1 DNA) are the first to reanneal, allowing more complex,
slower reannealing DNA to be digested away using single-strand-
specific DNase-1. For this reason, most commercial painting probes
include Cot-1 DNA.

Single-locus probes can be produced by labeling large-insert
clones obtained from genomic resource centers, notably BACPAC
Resources (http://bacpac.chori.org/) which carries complete

<
<

Fig. 1. Cytogenetic analysis of cancer cell lines. (a)—(c): Analysis of a cell line (RC-K8) established in 1984 established
from a patient with diffuse large B-cell ymphoma (DLBCL). (a) G-banded karyotype: Metaphase cells were prepared from
RC-K8 cells as described in Subheading 3.1 using hypotonic treatment specified in Table 1, and slide preparations aged
overnight at 60°C for G-banding performed as described in Subheading 3.2. Metaphase cells were analyzed and the
chromosomes arranged to form the karyogram using a Quips image analysis system (Applied Imaging) configured to an
Axioplan photomicroscope using a x63 Planapochromat objective (Zeiss). The consensus karyotype was found to be:
47 XY, der(Y)t(Y;5)(gter;?p15),der(?1)t(1;13)(p32;q11),del(1)(q11),del(2)(p11p13), dup(2)(p11-12p14-15),1(3;7)(027;q32),
der(5)inv(5)(q15932)add(5)(q32), inv(5)(p?13q?32), der(8)(8;8)(p12;q11), del(9)(p24)x2, der(10)t(9;10)(?p24;p11), -13,
1(11;14)(023;032), der(14)t(X;14)(p11;p11), -15, der(15)t(X;15)(p11.3;p11), add(17)(p11), der(20)t(13;20)(q11;q13),
+2mar. In this case, G-banding revealed the presence of a candidate primary change known to be recurrent in DLBCL, a
translocation involving a breakpoint at 3q27 present as der(3) (arrowhead). Such translocations target deregulation of a
gene (BCL6) that plays a central role in B-cell development. A putative der(7) partner chromosome with a breakpoint at
7q32 was also identified (arrow). (b) The 1(3;7)(q27;q32) rearrangement was confirmed by FISH using whole chromo-
some painting probes for chromosomes 3 and 7. Note presence of both der(3) and der(7)showing the rearrangement to
be reciprocal, together with two normal copies of chromosomes 7. (¢) Characterization of the t(3;7) by FISH was per-
formed using three RP11 library BAC clones: 88p6 (centromeric of BCL6), 21193 (Spectrum gold and which straddles
BCL6), and 632m3 (Spectrum green lying telomeric of BCL6). The results clearly show that the 1(3;7) has split the probe
at BCL6. Recurrent 327 breakpoint translocations in DLBCL typically deregulate BCL6 by promoter exchange. (d) In
1(3;7), the partner sequence at 7q32 lies outwith any known gene coding sequence (9), and while BCL6 is also dysregu-
lated, precisely how remains unclear as canonical mRNA fusion is absent (9). The 7932 breakpoint lies within a common
chromosomal fragile site, FRA7H, expressed in RC-K8 cells treated with aphidicolin (APC) and located about 50 kbp
telomeric of the miR-29 cluster (insef. Interestingly, after APC treatment RC-K8 cells preferentially express FRA7H in
normal homologues (e.g., see Fig. 1d), implying greater stability therein. Note additional FRA3B present in the der(3);
FRA3B is generally regarded the most common fragile site in man. This image also shows the utility of cell lines for those
wishing to investigate chromosome fragility and its relation to cancer. FISH images were captured using a cooled CCD
camera configured to a Smart Capture imaging system (Applied Imaging). Color images were captured separately, and
the contrast-enhanced images merged. (e)—(h) Images shows spectral karyotyping (SKY) of an acute myeloid leukemia
(AML) cell line (AP-1060) established in 1998 from the bone marrow of a 45-year-old man with acute promyelocytic
leukemia (AML FAB M3) at fourth relapse. (e) Pseudo-G-banded metaphase produced by reversal of DAPI fluorescent
image. (f) The same metaphase visualized by SKY; note suboptimal contrast due to imperfect color reproduction. (g) SKY
pseudocolored metaphase; note improved discrimination; (h) Full SKY karyotype: original images on the /eft, and pseudo-
colored on the right. Rearrangements are indicated by arrows. Note exchange between chromosomes 15 and 17 (red
arrows) due to formation of 1(15;17)(q22;q11.2), which fuses two genes, PML and RARA, leading to formation of a hybrid
PML-RARA gene, which yields hybrid protein characterizing this type of leukemia. The SKY system uses a complex probe
mixture where different fluors are mixed in 24-chromosome specific combinations. Special software assists portrayal
on-screen by pseudocoloring. All images were visualized using Zeiss photomicroscopes configured to the aforemen-
tioned image analysis systems. (For cell line details see refs. 32, 33) Abbreviations. apc aphidicolin, bp breakpoint, der
derivative chromosome, N Normal homologue.
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tilepath clones for humans and model organisms. Our current
labeling protocol is given elsewhere (26). Alternately, labeled
probes for common cancer gene loci are available commercially
for a variety of neoplastic loci: FISH analyses using probes cover-
ing the BCL6 locus at chromosome 3 band q27 and a noncoding
fragile site region (FRA7H) on chromosome 7 band q32 are
depicted in Fig. 1c, d. These and similar probes are produced by
harvesting DNA from mapped bacterial artificial chromosome
(BAC) clones made available in the wake of the Human Genome
Project and identified on genome browsers, such as that hosted
by the University of California at Santa Cruz (http://genome.
ucsc.edu/). BAC clones used to prepare such probes contain
repeat sequences that require suppression by prehybridization
with Cot-1 DNA. The posthybridization stringency wash, which
can be performed at either low temperatures including forma-
mide, which lowers the stability of the DNA double helix, or at
higher temperatures using low SSC concentrations alone, is criti-
cal to success. Stringency washing allows the operator to control
the balance of probe signal intensity against background. The sta-
bility of DNA-DNA hybrids on FISH slides allows repeated cycles
of stringency washing. For those starting with untested FISH
probes, it is feasible to start off using a less stringent wash, which,
if yielding unacceptable background levels, can be repeated at
higher stringencies (i.e., at lower salt concentrations), the highest
stringencies imposed by washes performed in water alone.

The FISH protocol described below is applicable to a wide
variety of probes and, therefore, useful for those intending to
combine probes from different sources. Indirectly labeled probes
(e.g., with digoxigenin or biotin) require additional detection
steps that can be plugged into the following protocol. In our
hands, the same protocol also works for complex probe mixes,
such as those used for M-FISH or SKY. The accompanying SKY
images (Fig. le-h) were produced using the same protocol, while
in our hands the “official” SKY protocol supplied by the manufac-
turer took longer and yielded inferior results.

Day 1
1. Use either fresh (1-7 days old) or archival slides stored at
(-80°C).
2. Whenever present, extraneous background signal can be

reduced by preincubation in pepsin solution for 2 min at
37°C. (see Note 7.)

3. Slide dehydration. Pass slides sequentially through an alcohol
series for 2 min in 70% (two times), 90% (two times), and
100% ethanol in Coplin jars.

4. Desiccate slides overnight at 42°C in a dry oven.
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Day 2

5.

6.

Deproteinize in acetone for 10 min (to minimize background
autofluorescence).

Slide denaturation. Place slides for 2 min at 72°C in 30 mL of
2x SSC plus 70 mL formamide. The temperature of this step
is critical. Therefore, avoid denaturing too many slides simul-
taneously. If a high throughput is desired, slides should be
prewarmed. Quench in prechilled (-20°C) 70% ethanol for
2 min.

7. Repeat step 3 (the alcohol series).

11.

12.

13.

14.

. Varnish slide label (to prevent subsequent eradication).
. Place slide on prewarmed block at 37°C.
10.

Remove probe from the freezer noting the concentration of
labeled DNA. Add excess Cot-1 DNA (20-50x probe).

Probe denaturation: Place desired volume of probe into
microfuge tube (sterile) and incubate in a “floater” for 5 min
at 72°C in a water bath. (Important: If recommended by
manufacturer, omit probe denaturation.)

Probe prehybridization. Collect probe by brief centrifugation,
then incubate for 15-60 min at 37°C in a second water bath.

Probe application. Using shortened micropipette tips (ster-
ile), carefully drop 8-12 mL of probe (making up the volume
with hybrisol, if necessary) onto each slide half. Thus, two
hybridizations may be performed on each slide (separated by
a drop of hybrisol, to inhibit mixing). Cover slides carefully
with glass coverslips, tapping out any bubbles, and seal with
rubber cement.

Hybridization. Place slides carefully in moistened and sealed
hybridization chamber. Leave overnight (or up to 72 h) in
incubator (preferably humidified) at 37°C.

Day 3

15.

16.

17.

After hybridization, carefully remove rubber cement and cov-
erslips in 2x SSC using tweezers.

Stringency washing. Wash slides for 5 min at 72°C in 0.5x
SSC.

(Optional) For use with digoxigenin-labeled probes; briefly
prewash in wash solution at ambient temperature and shake
to remove excess liquid. Important: Do not allow slides to
dry out until dehydration (step 18). To each slide, apply
40 mL antidigoxigenin antibody labeled with FITC
(Qbiogene) and cover with plastic coverslip. Incubate for
15-30 min at 37°C in hybridization chamber. Wash for 5 min
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18.

19.

20.

21.

(three times) in wash solution at room temperature in sub-

dued light.

Dehydration (alcohol series): Dehydrate slides as described in
step 3, but performed in subdued light.

Mounting and sealing. Using shortened micropipette tips, to
ensure even bubble-free coverage, carefully place three 30-mL
drops of DAPI /Vectashield mountant along the slide. Apply cov-
erslip and tap out any large bubbles using the blunt end of a
pencil or equivalent. Seal with nail varnish. Allow varnish to dry.

Visualization. Slides should be visualized at high power under
oil immersion with a x63 objective with a high numerical
aperture (see Note 8).

Analysis and interpretation (see Notes 8 and 9).

4. Notes

. Image analysis systems. These tools are now essential kit for

analyzing and documenting both banded and FISH preps. For
further information, refer to the Web site of Applied Spectral
Imaging  (http://www.spectral-imaging.com/),  Genetix
(http://www.genetix.com/en/home/index.html),
Metasystems (www.metasystems.de/), or Zeiss (http://www.
zeiss.com/micro), which supply a variety of such systems.
Imaging systems confer significant benefits, including amplifi-
cation of weak signals, merging of differently colored signals,
contrast enhancement, background reduction, generation of
G-bands from DAPI counterstain, and rapid documentation
and printing. While SKY, supplied by Applied Spectral Imaging,
uses spectrophotometric separation to distinguish fluorescence
excitation and emission spectra, the remaining systems use fil-
ters. Having compared all three systems, for multicolor FISH
we obtained the best results with SKY (see Fig. le-h), though
other systems also have their adherents.

. FISH probes. Resolving complex rearrangements discovered

by G-banding demands recourse to chromosome painting.
Unfortunately, commercial painting and satellite DNA probes
all-too-often yield unsatisfactory results because, e.g., as source
DNA libraries become exhausted, suppliers are tempted to
amplity their stocks using PCR-based methods that favor
repeat DNA sequences, which tend to cross-hybridize onto
other chromosomes at the expense of informative chromo-
some-specific regions. Thus, it is necessary first to calibrate
new DNA probes using normal chromosomes. This effort is
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usually well invested. Some probes generate unnecessarily
bright signals. Knowing this beforehand allows such probes to
be “stretched” by dilution with hybrisol. All too often, probes
arrive that yield inadequate or inappropriate signals. Timely
troubleshooting not only facilitates refund or replacement but
could also prevent the pursuit of false trails inspired by ambig-
uous probes that hybridize to more than one region.

. Slide-making. Slides for analysis should fulfill three criteria:
sufficient metaphases, adequate chromosome spreading, and
good morphology (i.c., large but undistended chromatids
lying in parallel). To document progress in harvesting proce-
dures and aid evidence-based searches for their improvement,
we use a standard data sheet that records progress toward
these ideals. An actual example is shown in Table 1, which
presents harvesting data for the human B-cell lymphoma cell
line RC-K8, the subsequent G-banding and FISH analysis of
which are presented in Fig. la—c. In this case, reasonable
preparations were only obtained at the second attempt using
the standard protocol (see Subheading 3.1, step 3). Although,
at the second attempt, all four hypotonic combinations
yielded adequate numbers of metaphases, only tubes -b and -¢
yielded satisfactory spreading and morphology and were
mixed for subsequent slide preparation. A total of 16 slides
were prepared: 7 for G-banding, 1 for Giemsa staining alone
(to check for the presence of smaller chromosomal elements
that G-banding sometimes render invisible, such as so-called
double minute chromosomes, which may harbor oncogenes),
and 7 for FISH. In addition, the remaining cell suspension in
fixative was stored (-20°C) for future use.

Slides with sparse yields of metaphases are unsuitable for
FISH where probe costs are often critical. For slowly divid-
ing cell lines (doubling times >48 h), colcemid times can be
increased first to 6 h, then to 17 h (overnight), simultane-
ously reducing colcemid concentrations by a half to mini-
mize toxicity. However, paucity of metaphases is usually the
result of depletion by overly harsh hypotonic treatments.
Paradoxically, We find that reducing hypotonic exposures to
1 min and, if necessary, performing this step in microfuge
tubes to facilitate speedy centrifugation to reduce total
hypotonic times may improve spreading and yield by
enabling survival of fragile cells, which might otherwise be
lost. Tight metaphases with an excess of overlapping chro-
mosomes might be useful for FISH but are unsuitable for
G-banding. In such cases, spreading can sometimes be
improved by harsher hypotonic treatment, whether by
increasing the proportion of KCI to 100% or by increasing
the hypotonic time up to 15 min, or by performing the lat-
ter at 37°C instead of ambient temperature.
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Gentle flaming often assists spreading and, contrary to
received wisdom, has little or no deleterious effect on
G-banding or FISH. In our hands, “dropping from a height”
brings scant improvement in spreading, although “offensively”
heavy breathing, performed both immediately before and after
dropping, is beneficial, by increasing local humidity levels.
Excessive spreading, on the other hand, is often cured by
reducing the proportion of KCl, or by reducing hypotonic
treatment times, or by retaining more of the original medium
from the first centrifugation (Subheading 3.1, steps 3 and 4).

. Harvesting with FUDR. As a general rule, the best morpholo-

gies are produced by hypotonics containing 50% or less Na
citrate. Excessive amounts of the latter tend to yield fuzzy
irregular morphologies that produce disappointing results
with G-banding and FISH alike. Some types of cell, and
derived cell lines alike, consistently yield short stubby chromo-
somes that appear refractory to all attempts at improvement.
In such cases, it may be helpful to try FUDR pretreatment.
Accordingly, treat cultures overnight with FUDR /uridine.
The next morning, resuspend in fresh medium with added
thymidine to reverse the blockade and harvest 7-9 h later.

. G-Banding. As a general rule, “good” chromosomes yield

good G-banding. Exceptions include chromosomes that are
too “young” (puffed up or faint banding) or “over the top”
(poor contrast or dark banding). Artificial aging by baking
overnight at 60°C not only speeds up results but also tames
variations in trypsin times due to variations in temperature
or humidity. For those requiring a same-day result, aging
times could be shortened to 60-90 min by increasing the
hot plate /oven temperature to 90°C. Trypsin G-banding is
a robust technique, and problems unconnected with poor
chromosome morphology are rare. Those used to working
with one species should note, however, that chromosomes
of other species could exhibit higher/lower sensitivities to
trypsin. Losses in tryptic activity occur after about 6 months
among aliquots stored at (-80°C), which should then be
discarded in favor of fresh stocks.

. Karyotyping. G-Banding lies at the center of cytogenetic anal-

ysis. The ability to recognize each of the 24 normal human
chromosome homologs necessarily precedes analysis of rear-
rangements. Because the majority of human cancer cell lines
carry chromosome rearrangements, the choice of cell lines for
learning purposes is critical. Learning should be performed
using either primary cultures of normal unatfected individuals
(e.g., lymphocyte cultures) or B-lymphoblastoid cell lines
known to have retained their diploid character. Those intent
on acquiring the ability to perform karyotyping are strongly
advised to spend some time in a laboratory where such skills
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are practiced daily (e.g., a routine diagnostic laboratory). The
karyotype depicted in Fig. la shows several rearrangements
other than the t(3;7)(q27;921) picked out for illustration,
including structural rearrangements affecting chromosomes
5 (both homologs), 8 (both homologs), 13, 14, 15, 17, 21,
while chromosomes X, 2, 15, 20, show losses. Loss of chro-
mosome X shown in the cell illustrated was attributable to
preparative artifact, from its presence in other cells.

. FISH signals and noise. FISH experiments are sometimes
plagued by high background signals, or “noise.” Large insert
clones, such as BACs, may cover 200 kbp and often include
DNA sequences which cross-hybridize. Commercial probes
are usually, but by no means always, relatively free of this
problem. Increasing the wash stringency (Subheading 3.3,
step 16) by reducing the SSC concentration to 0.1x might
help. Alternately, adding Cot-1 DNA to the hybridization
mix might help to reduce hybridization noise. Among non-
commercial probes, excessive noise can often be cured by
reducing the probe concentration. Normal DNA concentra-
tions for single-locus probes should range from 2-6 ng/uL
to 10-20 ng/uL for painting probes. Assuming that it is not
the result of “dirty” slides, nonspecific noise may be caused
by either autofluorescence or protein—protein binding after
antibody staining, which can often be reduced by additional
slide pretreatment in pepsin solution (Subheading 3.3, step 2).
Incubate slides for 2 min in acidified pepsin solution at 37°C.
Rinse in PBS (pH 7.2) for 3 min at room temperature. Postfix
slides, held flat, in 1% formaldehyde solution for 10 min at
room temperature using plastic coverslips. Rinse in PBS (pH
7.2) for 3 min at room temperature. Continue with step 3 of
Subheading 3.3. Weak FISH signal intensity might arise
because the probe itself is inherently weak, the wash too strin-
gent, or the chromosomes insufficiently denatured. To test
for these alternatives, repeat the stringency wash
(Subheading 3.3, step 16) but with either 2x or 1x SSC in
the wash buffer. In parallel, repeat the slide denaturation
(Subheading 3.3, step 6) increasing the denaturation time to
4 min. When neither modification brings any improvement
and the probe is new and untested or old and infrequently
used, it is likely that the probe is inherently weak. (Even large-
insert clones sometimes deliver puzzlingly weak signals, usu-
ally attributed to the inaccessibility of their chromosomal
targets.) For those equipped with advanced imaging systems
incorporating a camera of high sensitivity, it is often possible
to capture images from probe signals invisible to the naked
eye. In the case of new commercial probes, the supplier should
be contacted. Probes with larger targets often cross-hybridize
to similar DNA sequences present on other chromosomes. It
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is important first to identify patterns of cross-hybridization by
FISH onto normal chromosomes to avoid misinterpreting
the latter as rearrangements. Some resource centers, notably
BAC/PAC Resources (http://bacpac.chori.org/), helpfully
list cross-hybridization patterns for some clones.

. FISH analysis. The first aim of FISH is to characterize those

rearrangements of interest present that resist analysis by
G-banding. This inevitably requires both intuition and luck.
Clearly, the need for the latter is reduced where G-banding is
optimized. In the case of the t(3;7), as illustrated here (Fig. 1a—d),
while the der(3) partner serves as index chromosome due
to its carrying a rearrangement at 3q27, which is recurrent in
DLBCL, the identity of its partner is a matter of conjecture
due to the promiscuous nature of 3q27 rearrangements and
the significant number of additional rearrangements present.
Indeed, in the original report the rearrangement in RC-K8 was
described as t(3;4), which the accompanying photographic
documentation fortunately shows to be the same rearrange-
ment (27, 28). The apparent discrepancy is simply due to the
original (reference) cytogenetic investigation predating the
advent of FISH. Indeed, though chromosome painting probes
(such as those shown in Fig. 1b) became widely available in the
mid-1990s, the advent of mapped BAC clones enabling do-
it-yourself construction of panels to detect specific oncogene
alterations (such as that for BCL6 shown in Fig. 1c, d) came
nearly a decade later in the wake of the Human Genome Project
data and resources.

The most difficult rearrangements to resolve are unbalanced
ones involving multiple chromosomes. Sometimes, originally
reciprocal translocations appear unbalanced because of loss or
additional rearrangement of one partner. In such cases, the
identity of the “missing partner” might be often guessed at
from among those chromosomes where one or more homo-
logues appear to be missing. Having identified the chromo-
somal constituents of cryptic rearrangements, the next task is
to reconcile FISH with G-banding data enabling breakpoint
identification. In cases where chromosome segments are short
or their banding patterns nondescript, this aim might be
frustrated. The International System for Chromosome
Nomenclature (ISCN) enables almost all rearrangements to
be described with minimal ambiguity in most cases (29). This
system was updated in 1991 for cancer cells (30), and in
1995, 2005, and 2009 for FISH (31). The most efficient way
to detect and analyze multiple chromosome rearrangements
is to combine G-banding with multiplex FISH, of which SKY
is the form most widely cited (Fig. le-h).

. Use of cytogenetic datn. Having successfully completed cytogenetic

analysis of a tumor cell line to the point of ISCN karyotyping,
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what to do with the data? The first question to be addressed is
identity: Has the cell line in question been karyotyped previously
and, if so, does the observed karyotype correspond with that pre-
viously reported? In our experience, complete correspondence
between cell line karyotypes is rare, even where their identity has
been confirmed by DNA fingerprinting. First, among very com-
plex karyotypes, complete resolution might be unnecessary and is,
indeed, rarely achieved. This leaves significant scope for uncer-
tainty and differences in interpretation. Wherever possible, refer to
the original journal or reprint, as photocopies seldom permit
reproduction of intermediate tones, which are the “devil in the
detail” of G-banding. Second, a minority of cell lines might evolve
karyotypically during culture in vitro. This instability could effect
numerical or structural changes. Such a cell line is CCRE-CEM,
derived from a patient with T-cell leukemia, and which has
spawned a multitude of subclones — all cytogenetically distinct
(12) and, sometimes following cross-contamination events, mas-
querading under aliases. Those wishing to compare their karyo-
types with those derived at the DSMZ can refer to either
“catalogues raisonnés” of human leukemia lymphoma cell lines
(32, 33) or the DSMZ Web site, which features an interactive
searchable database of all types of (mainly) human cancer cell lines
(http://www.dsmz.de /).
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Chapter 7

Cell Culture Contamination

Glyn N. Stacey

Abstract

Microbial contamination is a major issue in cell culture, but there are a range of procedures which can be
adopted to prevent or eliminate contamination. Contamination may arise from the operator and the
laboratory environment, from other cells used in the laboratory, and from reagents. Some infections may
present a risk to laboratory workers: containment and aseptic technique are the key defence against such
risks. Remedial management of suspected infection may simply mean discarding a single potentially
infected culture. However, if a more widespread problem is identified, then all contaminated cultures and
associated unused media that have been opened during this period should be discarded, equipment
should be inspected and cleaned, cell culture operations reviewed, and isolation from other laboratories
instituted until the problem is solved. Attention to training of staff, laboratory layout, appropriate use of
quarantine for new cultures or cell lines, cleaning and maintenance, and quality control are important
factors in preventing contamination in cell culture laboratories.

Key words: Cell culture, Contamination, Mycoplasma, Virus, Infection, Aseptic technique, Quality
control, Quarantine

1. Introduction

Various kinds of microbial contamination can cause significant
changes and often catastrophic loss of cell cultures for which a
range of procedures can be adopted to prevent or eliminate con-
tamination and thus will avoid significant waste of time and
resources. However, one of the most powerful contributions to
avoiding contamination is the skill of lab workers in aseptic tech-
nique, and their awareness of both the state of the cells they are
using and any changes in the lab environment that may increase
risk of contamination. Useful general guidance on good cell cul-
ture practice has been produced by Coecke et al. (1) and other
international consensus guidance has also been produced for spe-
cialist areas such as human embryonic stem cells (2) and cell lines
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intended for the manufacture of medicines (3-6). In this chapter,
the types, sources, and impact of microbial contamination will be
considered along with potential ways of dealing proportionately
with individual contamination events and more challenging situa-
tions that researchers may encounter.

2. Sources
and Forms
of Contamination

2.1. Operator
and Environment

The human body operates a range of physical, biochemical, and
immunological defences to exclude microorganisms from caus-
ing damaging and life-threatening infections allowing beneficial
colonisation in areas such as the mucosal epithelia, e.g. mouth,
gut, and genital tract. The monoseptic (i.e. single viable organ-
ism or cell) environment of in vitro cell culture is very different
to the tissues of the human body. Its maintenance is dependent
on the provision of a variety of physical containment/protec-
tion processes and chemical (i.e. antibiotic) controls to prevent
or inhibit contamination. This state requires constant mainte-
nance that must control infectious challenges from a variety of
known and unknown sources.

As a source of contamination, the human operator is potentially
the greatest hazard in the laboratory. Sloughing of skin scales
from laboratory workers constantly seeds the environment with
microorganisms and with the high levels of commensal
microbes (i.e. normal inhabitants) in parts of the human mouth
even just talking will generate potential contaminating aerosols.
Furthermore, an individual laboratory worker with an infection
will represent a much higher risk source of contamination.

Materials and staftf coming into the laboratory and points of access
to the environment (drains, ventilation grills, and unsealed ceiling
voids) will inevitably provide a constant supply of fresh contamination
which will accumulate on laboratory surfaces and multiply in damp
areas (e.g. fridges, sinks, waterbaths, and humidified incubators).

Clearly procedural and physical control of materials coming
into the laboratory, laboratory cleaning and aseptic technique will
all be important activities that combined, will help to keep cell
cultures free of contamination.

3. Other Cell
Cultures

Primary cells, isolated directly from animal tissues, or their early
passages are at a particularly high risk of contamination as the dis-
section process may promote contamination from the natural
commensal flora in certain tissues and any subclinical infection.
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The latter condition will be influenced by the species and tissues of
the donor animal which will elevate the risk of contamination due
to certain organisms. The risks from different species/tissues have
been reviewed by Frommer et al. (7) and Stacey et al. (8), but due
to changes in natural incidence of disease and new emerging
pathogents, it is important to be aware of developing microbiologi-
cal knowledge when evaluating risk of contamination. Where
tissues and primary cells are handled the risk can be directly related
to the number of samples handled from different individuals, the
risk associated with any particular cohort of donors and also the
geographical origin of the cells or tissue (9).

The likelihood of tissues /cells being contaminated with serious
human pathogens is a significant issue for laboratory workers
although fortunately a rare occurrence. Infectious organisms that
could cause a serious infection in laboratory workers may be present
in blood or brain of human or primate origin and include haemor-
rhagic fever viruses, T-lymphotrophic viruses, and hepatitis viruses
(7). However, blood and tissues from a broad range of other mam-
malian species may also carry zoonotic infections that can lead to
infection and even death in humans. Such species even include
goats which can be a source of infection with Coxiella burnetii caus-
ing Q-fever in humans (7). Colonies of experimental rodents
including guineapigs and rats may carry lymphocytic choriomenin-
gitis virus, hantaan virus, or reovirus 3 without necessarily showing
overt symptoms (10-12), and cell lines and antibody preparations
processed from infected colonies may also become contaminated
(13). Surprisingly, even cell lines from insects can be persistently
infected with human pathogens such as yellow fever virus (14, 15).
Frequent contaminants in bovine cell lines are noncytopathic strains
of bovine viral diarrhoea virus, which also bind effectively to cells of
non-bovine origin including primate cells but without causing
infection (16). Another bovine virus known to have the potential to
infect cells from a broad range of species is bovine polyoma virus
and, unlike BVDV] it also has the potential to transform bovine and
non-bovine cells (17). Viral contamination of cell lines may also
arise with organisms which could not have been predicted based on
the species and tissue of origin (18). For general cell culture work,
it is wise to treat all cell cultures as potentially infectious and man-
age them accordingly using good cell culture practice and appropri-
ate containment and waste disposal as outlined in Subheading 7.

4. Reagents

Any reagent is a potential carrier of contamination and when
purchasing reagents and media for cell culture it is important to
determine whether they are sterile or will require sterilisation.
Certain reagents that are not sterilisable such as serum and
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growth factors may represent a high risk of contamination with
virus, depending on the method of production (animals vs.
recombinant DNA technology) and the source of the original
materials. The risks can be evaluated and subsequently mitigated
by gathering information on a number of factors including spe-
cies and tissues of origin, geographical origin, elements of reagent
processing likely to reduce contaminants, reliability of any sterili-
sation steps, and any testing for contaminants performed on the
final reagent (18). Particular care should be taken with labile and
relatively unprocessed animal-derived materials such as bovine
serum or porcine trypsin, which are known to carry animal
viruses that can infect some cell cultures (19, 20).

5. Consequences
of Contamination

Invariably bacterial or fungal contamination will result in total
loss of the affected culture and potentially increase the environ-
mental contamination if not dealt with carefully. Recovery of cell
lines from such overwhelming contaminations is undersirable as
the contamination may survive in spite of antibiotic treatment
only to reemerge later and in some cases with increased antibiotic
resistance. Eradication of fungi is especially difficult as effective
antifungal agents are often cytotoxic to the cell line and fungal
spores are much more likely to persist in cultures and the environ-
ment only to cause intractable problems later.

Mycoplasma are very small Mollicutes (not bacteria) which
are fastidious and generally require a source of cholesterol to sur-
vive. They can establish parasitic infections of cell cultures where
they typically grow adhering to the cell membrane, although
some species such as M. penetrans grow intracellularly. They are a
widespread cause of cell culture contamination, originally arising
from animal tissues, reagents of animal origin and even human
operators. Mycoplasma infection can spread rapidly in the labora-
tory as contamination may not be obvious to the operator (i.e. no
medium turbidity), is resistant to commonly used antibiotics and
can survive in the laboratory environment in aerosols and splashes
of culture medium. Mycoplasma has been shown to cause numer-
ous types of damaging and permanent changes in cell lines
including

e Enhanced secretion of cytokines by human lung fibroblasts
(21),
e Changes in cell line karyology (22),

e Interference with identification and isolation procedures for
retroviruses (23).
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For reviews of the damaging effects that can be caused by
Mycoplasma infection see refs. 24-26.

It is theoretically possible to eliminate Mycoplasma trom cell
lines wusing certain antibiotics (e.g. Ciprofloxacin™ and
Myocoplasma Removal Agent™), but success rates for complete
eradication are poor and the effective antibiotics are often geno-
toxic to mammalian cells (27, 28). Detection of Mycoplasma can
be achieved using a number of methods and proprietary kits, and
for a comparison of the different methods see ref. 29.

Persistent viral infections of cell lines may represent an infec-
tion risk to laboratory workers and this risk can be difficult to
quantify since contaminants have been identified that would not
be expected based on the species of the cell line (8). Such uncer-
tain risks are difficult to address by comprehensive and expen-
sive viral screening: containment and aseptic technique are the
key defence against such risks. Cell culture infections with
viruses which are not necessarily pathogenic for humans are also
significant since they will clearly have some affect on the cell
biology which could influence the validity of any data generated
with that culture and could affect their performance and accept-
ability for manufacturing purposes.

6. Responses
to Contamination
Incidents

6.1. Remedial
Management

of Contamination
Events

When an overwhelming bacterial or fungal contamination or a
dramatic and unexpected cytopathic affect or other suspicious mor-
phological change arises in cell cultures, the immediate response
should be to discard the affected cultures. The event should be noti-
fied to all other users of the lab who might have utilised the same
cells, reagents /media, or class II cabinet, so that they can be alert to
any further contamination and if necessary be prepared to discard
the reagents and cells they have been using. If the incident is iso-
lated to one event, only one or a very small number of flasks were
affected from a batch of cultures and no other lab users have reported
problems, then it may be safe to assume that the contamination
event arose due to chance introduction of organisms solely into the
affected flasks and would be unlikely to recur. In this case, it should
be safe to reinitiate fresh cultures and possibly even continue with
the unaffected culture flasks. If an entire batch of cultures involving
a number of flasks was affected, it will also be wise to discard any
remaining bottles of media and reagents last used with that culture.
In the majority of cases, such incidents are one-oft chance events
most likely due to contamination entering culture flask during pas-
saging or other manipulation of cells in open processes (i.c. were
cell suspensions are open to the lab air in the class II cabinet).
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6.2. Suspected
Ongoing or General
Source

of Contamination

Where contamination appears to be more widespread in the labo-
ratory or recurs on a number of occasions, then this needs to be
communicated to all lab staff rapidly and a coordinated plan put
in place to prevent further spread of the contamination as soon as
possible. Prompt action will hopefully prevent panic reactions
which could worsen the situation, such as staft immediately mov-
ing apparently “contaminant-free” cells and media to another
laboratory which may simply spread the problem. Assessment of
such situations and their solution may well differ depending on
the type of laboratory activity and local procedures and rules. The
tollowing suggestions give a sample of the kind of process to con-
sider in dealing with significant contamination:

(a) All contaminated cultures and associated unused media which
have been opened during this period should be discarded.

(b) Cabinets, incubators, waterbaths, and fridges should be
inspected carefully to identify any obvious causes of contami-
nation, such as fungal growth on damp surfaces, contaminated
humidifying water trays in incubators, heavily contaminated
waterbaths, and spill catchment trays under the work surfaces
inside class II cabinets. On discovering very grossly contami-
nated areas, the situation should be cleaned up with care to
avoid spreading the source of contamination more widely.

(c) The cell culture operations and contaminants in the lab should
be reviewed immediately with regard to:

e Exactly which cultures were affected

e Whether the contamination events appear to be generally
the same in the way that they aftect the cells or morphol-
ogy of colonies or cells or a mix of different organisms. In
the former case, the contamination may potentially be
from a common point source (such as a grossly contami-
nated reagent or cell line) and the latter presentation
could indicate a breach in aseptic technique or contain-
ment (e.g. batch of damaged T flasks and failing class 11
cabinet). However, neither observation is specifically
diagnostic for these causes of contamination.

e Whether there is any potential association with a particu-
lar culture, medium, reagent, location, equipment, staff-
member, etc.

e Any features of the laboratory consumable supplies (i.e.
those materials and lab hardware which come in direct
contact with the cells) that have recently changed. It may
also be useful to consider any recent significant changes
or breakdowns in lab procedures or equipment that may
have increased the risk of contamination.

(d) It is important to prevent carryover of any remaining residual
contamination into new work and where the contamination is
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particularly serious and widespread, it would be wise to stop all
work, and prior to reinitiating any new cell cultures, perform a
careful laboratory clean which may be followed by fumigation
if this is feasible to perform safely in the lab in question.

The actual source of contamination often may not be resolved
and therefore, the process of recovery from a major and /or wide-
spread contamination incident will clearly demand careful moni-
toring to ensure that the original problem does not reappear. Staft
should be encouraged to report any further incidents or suspi-
cious observations so that any recurrence can be captured and
controlled rapidly. If a particular type of microorganism was
implicated, it may be possible to implement specific testing that
will flag up its reappearance and differentiate it more quickly from
other general contamination. Such procedures could be discussed
with a local diagnostic microbiology laboratory.

7. Avoidance
and Prevention

7.1. Training

7.2. Laboratory Layout

The primary protection against contamination of cell cultures is a
well trained and alert staft. Spotting contamination at the early stage
with appropriate disposal of affected cultures will help to contain
the spread of contamination. Where contamination is not directly
evident or at very low levels staff training in aseptic technique will be
the primary means to control its spread. Training in aseptic tech-
nique and identifying microbial contamination and appropriate dis-
infection and disposal of all routine waste will accordingly be vital
and are an essential part of induction for new and inexperienced
staff (1). A further important element in cell culture training is to
impress on staft that routine cell culture can and should, in most
cases, be performed without the addition of antibiotics. Good asep-
tic technique should eliminate the need for antibiotics except in a
limited number of situations such as primary cell cultures where the
risk of contamination of the cells is high, virus diagnostic testing
where test cells are inoculated with heavily contaminated specimens
and genetic modification of cells which require antibiotic selection.

The laboratory layout can be developed to reduce the risk of
contamination by placing cell culture cabinets out of main thor-
oughfares, placing waste disposal collection away from clean
work areas and sterile media storage and obviously segregating
any work with (or storage of) microorganisms from preparation
of clean cell cultures. It is also valuable to segregate routine cell
culture work from new cell lines and primary cell cultures which
will be a significant source of contamination from persistent non-
cytopathic organisms or from the animals used to provide primary
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7.3. Cleaning
and Maintenance

7.4. Quarantine

cells (see Subheading 7.4). Positioning of class 11 cabinets should
be carefully planned to avoid interference by lab furniture/
equipment, walls, benching, doors, and other cabinets and guid-
ance on this is available in BSEN 12469 (8, 30).

Ideally lab air should be filtered as it enters the room and for
critical work HEPA filter systems are required to provide very low
levels of particulates which may carry contamination. For clean
room operation, there are international standards to establish
appropriate clean lab air as given in ISO 14644-8 (31).

Laboratory cleaning is at the frontline of preventive maintenance
where contamination is concerned. A formal routine cleaning
regime for the general laboratory will help to control the levels of
environmental contamination and thereby help to reduce the
risks of day-to-day contamination. In some countries, a docu-
mented disinfection and cleaning policy is required by law for all
laboratories working with infectious microorganisms. While cell
cultures are not innately infectious, they may carry undetected
and potentially hazardous contamination which can be managed
with appropriate containment and disinfection of waste and spills,
and such procedures should be documented and available to all
staft. Certain cell culture equipment could result in the spread of
contamination from infected cultures or media should it fail (e.g.
class II cabinets, centrifuges, and autoclaves) and obviously should
receive appropriate maintenance to ensure containment of con-
tamination (30, 32). Staff should also be aware of appropriate
routine checks that will alert them to failures such as low flow rate
in a cabinet, breakage in a centrifuge or inadequate sterilisation
indicated by “indicator strips.”

New cell lines and primary cell cultures or tissues represent one
of the most common sources of contamination in the cell culture
lab. Provision of a separate quarantine laboratory is ideal for
this, however, an isolated class II cabinet can provide an alterna-
tive solution where space is at a premium although careful con-
trol of all processes outside of the cabinet will be crucial, including
provision of separate or contained cold storage of in-use media
and a separate incubator and centrifuge. In extreme situations
where there is no spare class II cabinet for quarantine work, it
may be possible to operate chronological quarantine by carrying
out sterile work (e.g. media preparation) as the first process of
the day, followed by culture of “screened” cell lines and finally
quarantine cells followed by thorough disinfection of the cabi-
net. However, it should be emphasised that such an arrangement
is not recommended as it presents the highest risk of contami-
nation of the above quarantine solutions and would require
very stringent control of quarantine cultures and any in-use
media outside of the cabinet. In the manufacture of products
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from cell cultures (e.g. vaccines, biotherapeutics, and cell therapy),
stringent controls will need to be in place to prevent contamina-
tion from new cells and often laboratories are dedicated to a single
cell line to avoid risks associated with other work performed in the
same environment.

The transfer of a culture out of quarantine status should only
be permitted once the cells in question have tested negative in
microbiological screening tests. The specification of these tests will
vary depending on the nature of the laboratory work and the
intended use of the cells. As a baseline, screening should include a
test for Mycoplasma and sterility (i.e., bacteria and fungi) and
microscopical observation of the cells for microorganisms or cyto-
pathic effects that might be due to infection. In some circum-
stances, virological screening may be performed but comprehensive
testing for abroad range of microbes will be highly expensive and
generally not justifiable unless the application of the cells requires
this (e.g. use in cell therapy and use for manufacture of medicines)
(3-6). Accordingly, any claim that cells have been “screened”
should be qualified and a procedure implemented in the labora-
tory to ensure that each new cell culture is subjected to an appro-
priate screening regime that meets local requirements.

As a consequence of the difficulty in predicting contaminat-
ing organisms and the significant number of predictable viral con-
taminants, it is not practical to test for and exclude all potential
viral contaminants. These risks, therefore, should be managed
through a combination of risk assessment of sources of cells and
reagents and appropriate containment and waste disposal.

Quarantine may also need to be considered for storage of
cryopreserved cell cultures. Storage of cells preserved during the
quarantine phase should ideally be separated until screening tests
enable them to be transferred to “screened” cell storage. Stored
cells known to be persistently infected with microorganisms could
represent a hazard to other stored cells and possibly laboratory
workers accessing the storage vessel. It is known that the
“ice”sludge, which can accumulate in liquid nitrogen storage
vessels, is prone to gross contamination with bacteria and fungi
(Fig. 1) (33). Transfer of pathogenic virus from accidentally dam-
aged cryostorage containers to other samples has been tragically
demonstrated in storage of patient tissues (34, 35) and the risks of
such events considered and appropriate separate storage, second-
ary containment, or other measures adopted to manage the identi-
fied risk. Such contamination can be additionally controlled by
careful cleaning of cryovials on thawing.

No screening test is perfect and cultures which may have passed satis-
factorily out of quarantine status may have had contamination that
was originally below the level of detection or contamination may
have occurred subsequently via the lab environment, contaminated
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Fig. 1. Blood agar culture plate incubated at room temperature following exposure to
vapour phase of liquid nitrogen in a storage vessel located in an unclean environment.
Numerous colonies of bacteria and fungi can be seen emphasising the need to provide
a clean environment for liquid nitrogen storage areas and thorough disinfection of the
external surfaces of cryovials before transferring thawed cells into culture.

reagents, or other cultures which for some reason bypassed the
normal screening process. Establishment of a cell banking regime
that will provide a stock of low passage cultures that have been sub-
jected to repeated quality control tests is a fundamental aspect of
good cell culture practice. Lab staft should avoid long-term passaging
of cultures which could propagate contamination, and is also undesir-
able both from the perspectives of genetic and phenotypic instability
and increases the risk of cell line cross-contamination (1, 36). Periodic
replacement of cultures with newly thawed from a cell bank (e.g.
every 12 weeks) will significantly reduce these hazards. In addition,
periodic testing of cell lines in use in the lab will give confidence that
occult contamination, notably Mycoplasma, do not go unrecognised
and where they do arise, are dealt with quickly so that the impact on
any resulting work is minimised. However, even where sterility and
Mycoplasma tests are performed some organisms will not necessarily
be detected such as Mycobacteria and other fastidious bacteria and
fungi (37, 38). Routine test methods have been reported elsewhere
(39, 40) and for laboratories where there are more demanding regu-
latory issues, such as GLP safety testing of cells and products, phar-
macopoeial methods have been established (41-44).

The products of cell culture may be used in a wide range of
clinical products and therapeutic applications: from use of puri-
fied recombinant vaccines, to the implantation of cultured cells
(e.g., stem cells) into immunocompromised or terminally ill
patients. Contamination issues are clearly a crucial consideration
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in the cell cultures used for such products and cell banks used for
production purposes are subjected to extensive characterisation
and safety testing (3-5). The contamination hazards in cell cul-
ture processes for the manufacture of biological medicines from
animal cell culture have been reviewed by Stacey et al. (18).
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Chapter 8

Detecting Mycoplasma Contamination in Cell Cultures
by Polymerase Chain Reaction

Cord C. Uphoff and Hans G. Drexler

Abstract

The detection of mycoplasmas in human and animal cell cultures is mandatory for every cell culture
laboratory, because these bacteria are common contaminants, persist unrecognized in cell cultures for
many years, and affect research results as well as the purity of cell culture products. The reliability of the
mycoplasma detection depends on the sensitivity and specificity of the method and should also be con-
venient to be included in the basic routine of cell culture quality assessment. Polymerase chain reaction
(PCR) detection is one of the acknowledged methodologies to detect mycoplasmas in cell cultures and
cell culture products. Although the PCR offers a fast and simple technique to detect mycoplasmas, the
method is also susceptible to errors and can produce false positive as well as false-negative results. Thus,
the establishment and the routine application of the PCR assay require optimization and the inclusion
of the appropriate control reactions. The presented protocol describes sample preparation, DNA extrac-
tion, PCR run, the analysis of the PCR products, and speciation of the contaminant. It also provides
detailed information on how to avoid artifacts produced by the method. Established properly, PCR is a
reliable, fast, and sensitive method and should be applied regularly to monitor the contamination status
of cell cultures.

Key words: Cell lines, Contamination, Detection, Mycoplasma, PCR, Speciation

1. Introduction

1.1. Mycoplasma Contamination of cell cultures with bacteria, fungi, and yeasts rep-
Contamination resents a major problem in cell culture. Whereas these microorgan-
of Cell Lines isms are easily detected during routine cell culture by the turbidity

of the culture and by observation under the inverted microscope,
one class of bacteria regularly evades detection. These bacteria
belong to the class of Mollicutes, commonly known as mycoplas-
mas. Mycoplasmas may persist undetected in cell cultures for a long
time without visibly affecting the culture. Nevertheless, mycoplas-
mas can cause extensive alterations in the cell cultures (1).

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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1.2. Mycoplasma
Detection

The frequency of contamination is about 10-30% with pronounced
variations in the reported series with regards to the laboratory,
type of cell culture examined, and the origin of the culture, just to
name a few examples. The infecting mycoplasmas are limited to a
few species of the genera Mycoplasma and Acholeplasma with
human, swine, and bovine as predominant natural hosts. The
ubiquitous use of cell cultures and their transfer from one labora-
tory to another has lead to widespread dissemination of such infec-
tions. Once introduced into a cell culture laboratory, mycoplasmas
are usually passed on to uninfected cultures by lapses in sterile cell
culture technique. Hence, adequate detection methods need to be
established and frequently employed in every laboratory applying
cell cultures. Every incoming cell culture should be kept in quar-
antine until mycoplasma detection assays are completed and the
infection status is determined. Positive cultures should either be
discarded and replaced by clean cultures or cured with specific
antibiotics (see Chapter 9). Only clean cultures should be used for
research experiments and for the production of biologically active
pharmaceuticals. Additionally, stringent rules for the prevention of
further mycoplasma contamination of cell cultures should be

followed (2).

Polymerase chain reaction (PCR) provides a sensitive and specific
option for the direct detection of mycoplasmas in cell cultures. PCR
is useful for the routine screening of cell lines newly introduced into
the laboratory, for initial analysis of primary cell cultures, and for the
periodical monitoring of growing cell cultures. The advantages of
the PCR assay are sensitivity, specificity, speed, cost efficiency, and
the potential to screen a large number of samples. Furthermore, an
objective result is obtained that is much easier to interpret than most
other conventional assays as long as the appropriate control reac-
tions are included in the PCR assay.

Some investigators have described the use of primer sequences
that amplify highly conserved regions of the eubacterial 16S
rRNA to include all mycoplasma species. But this approach leads
to decreased specificity as other bacteria are also detected by the
assay. Here, we describe the application of a mixture of oligonu-
cleotides as primers for the amplification of sequences derived
only from contaminating mycoplasmas (3). The advantage of this
specific approach is that common airborne bacterial contamina-
tions or contaminations that may be present in solutions — those
used for washing steps, DNA extraction, and PCR reaction — or
may be introduced by other materials will not be detected and
will therefore not lead to false-positive results. Nevertheless,
major emphasis should be placed on the preparation of the tem-
plate DNA, the amplification of positive and negative control
reactions, and the observance of general rules for the preparation
of PCR reactions.
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Various Taq DNA polymerase inhibitors can be present in cell
cultures and the amount present increases with the age of the
culture. To exclude these inhibitors, it is important that the DNA
of the samples is extracted and purified. This can be achieved by
conventional phenol-chloroform extraction and ethanol precipi-
tation, column extraction, or by DNA binding to matrix. To con-
trol the integrity of the PCR reactions and the preceding template
preparation steps, it is also essential to perform the appropriate
control reactions; including internal, positive, and negative con-
trol reactions. The internal control represents DNA containing
the same primer sequences but with an additional stretch of inter-
spersed nucleotides, resulting in a gel band of different size than
the expected amplicon of the contaminant. This internal control
should be added to the PCR reaction in a limiting dilution to
recognize any inhibitory components and to demonstrate the
sensitivity of the PCR reaction for every sample. The following
protocols detail an established PCR method for monitoring
potential mycoplasma contamination in any laboratory (4).

2. Materials

2.1. Sample Collection
and DNA Extraction
Buffers

2.2. PCR Reaction

1. Sterile phosphate-buftered saline (PBS): 140 mM NaCl,
2.7 mM KClI, 7.2 mM Na,HPO,, 1.47 mM KH,PO,, pH
7.2; autoclaved.

2. Wizard DNA Clean-Up System (Promega, Madison, WI,
USA).

3. 80% Isopropanol (v/V).
4. Double-distilled water prewarmed to 80°C.
5. Disposable 2-mL syringes.

1. GeneAmp 9700 thermal cycler (Applied Biosystems,
Weiterstadt, Germany).

2. Platinum Taq DNA polymerase (Invitrogen, Karlsruhe,
Germany) with 10x reaction buffer and 50 mM MgCIL,.

3. 6x Loading buffer: 0.09% bromophenol blue (w/v), 0.09%
xylene cyanol FF (w/v), 60% glycerol (v/v), and 60 mM
EDTA.

4. Deoxynucleotide triphosphate mixture (ANTP mix): mixture
contains 5 mM each of deoxyadenosine triphosphate
(dATP), deoxycytidine triphosphate (dCTP), deoxyguanos-
ine triphosphate (dGTP), and deoxythymidine triphosphate
(dTTP) (Invitrogen) in H,O, placed in 50 pL aliquots and
stored at —20°C.



96 Uphoff and Drexler

5. Primers (any supplier) (see Note 1):

5 Primers

3’ Primers

cgc

cgc
tgc

tgc
cgc
r
cac
cgc

ctg agt

ctg agt
ctg ggt
r
ctg agt
ctg agt

ctg agt
ctg ggt

agt

agt
agt

agt
agt

agt
agt

acg

acg
aca

aca
atg

atg
aca

ttc
w

tac

ttc

iEEE
CiEE

ctc
ttc

gc

gc
gc

gc
gc

gc
gc

gcg gtg tgt aca aga ccc ga
r

gcg gtg tgt aca aaa ccc ga

gcg gtg tgt aca aac ccc ga

Stock solutions: 100 uM in dH,O, stored frozen at ~20°C.

Working solutions: mix of forward primers at 5 uM each and
mix of reverse primers at 5 UM each, placed in 25-50 pL
aliquots, and stored frozen at —20°C.

. Internal control DNA: Internal control DNA may be

obtained from the DSMZ (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germanys;
http://www.cell-lines.de). A limiting dilution should be
determined experimentally by performing a PCR with a
dilution series of the internal control DNA.

. Positive control DNA: any mycoplasma-positive sample

prepared as described below or may be obtained from the
DSMZ.

. 50x TAE buffer: 2 M Tris base, 5.71% glacial acetic acetate

(v/v), 100 mM EDTA, pH 8.0.

. Agarose (for DNA electrophoresis) (Serva, Heidelberg,

Germany).

3. Methods

3.1. Sample Collection
and Preparation
of DNA

. Prior to testing, the cells should have been in continuous

culture for at least 2 weeks after thawing, grown without
antibiotics, and the medium should not have been
exchanged for at least 2-3 days after splitting to ensure
that the titer of the mycoplasmas is above the detection
level of the assay. For adherently growing cells, take directly
1 mL of the medium for the analysis. For suspension cell
lines, stand culture flasks vertically allowing cells to settle
for about 30 min prior to the removal of 1 mL of the
supernatant. These procedures should yield optimum num-



3.2. Polymerase Chain
Reaction
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bers of cells to detect mycoplasmas adhering to the eukary-
otic cells to facilitate the detection of adherent mycoplasmas.
Several mycoplasma species were also described to live
intracellularly. Thus, it is also not necessary to centrifuge
the sample to eliminate the eukaryotic cells. For collection
of a series of samples over a period of time, the crude cell
culture supernatants can be stored at 4°C for several days
or frozen at -20°C for several weeks.

2. Centrifuge the cell culture suspension in an Eppendorf tube
at 13,000xy4 for 5 min. Remove the supernatant with a
disposable pipette and discard. Resuspend the remaining
pellet in 1 mL PBS by vortexing.

3. Centrifuge the suspension again and wash one more time
with PBS as described in step 2.

4. After the washing step, resuspend the pelletin 100 uL PBS by
vortexing, and heat to 95°C for 15 min.

5. To isolate the DNA present in the solution, the commercially
available Wizard DNA extraction kit from Promega is applied
(see Notes 2 and 3). Add 1 mL of mixed DNA clean-up resin
to the sample solution and mix by pipeting. Keep the solution
at room temperature for a few minutes.

6. Fit the minicolumn to a syringe barrel after removing the
plunger, transfer the solution into the syringe barrel, and
insert into a 1.5 mL Eppendorf tube. Using the plunger,
press the resin onto the minicolumn.

7. Detach the syringe from the minicolumn and remove the
plunger. Discard the collected supernatant. Reattach the
syringe and the minicolumn, insert into the empty tube, and
fill the syringe with 2 mL 80% isopropanol for washing the
bound DNA. Press the isopropanol through the minicolumn
directly into a waste container.

8. Remove the syringe and centrifuge the minicolumn with the
tube for 2 min at 13,000 x4 to remove the isopropanol.

9. Transfer the minicolumn to a new 1.5 mL tube and add
50 pL of preheated water onto the minicolumn. Centrifuge
for 20 s at 13,000x g to collect the eluate quantitatively.
The DNA is stored at —20°C until the PCR reaction is
performed.

The amplification procedure and the parameters described here
are optimized for the application in 0.2 mL reaction tubes in an
Applied Biosystems GeneAmp PCR System 9700 thermal cycler.
An adjustment to any other equipment might be necessary (see
Note 4). Amplified positive samples contain large amounts of
target DNA that can contaminate subsequent PCR reaction.
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Thus, established rules to avoid DNA carry over should be strictly
followed:

(a) Separate the DNA extraction area from the PCR set-up area
and the gel run locations.

(b) Store all reagents in small aliquots to provide a constant
source of uncontaminated reagents.

(c) Avoid reamplifications.

(d) Reserve pipettes, tips, and tubes for their use in PCR only and
irradiate the pipettes frequently with UV light.

(e) Follow strictly the succession of the PCR setup in the
protocol.

(f) Wear gloves during the sample preparation and PCR setup.

It is also fundamental to integrate the appropriate control reac-
tions, such as internal, positive and negative controls, and the
water control reaction.

1. Prepare two master mixtures (calculated for 25 pL per sample,
plus three additional reactions for positive and negative
controls and surplus for pipetting variation) containing 1x
PCR buffer (use the Taqg DNA polymerase buffer recom-
mended by the manufacturer) with 2.0 mM MgCl,, 0.2 mM
of each dNTP, 0.1 uM of each oligonucleotide (see Note 1),
1 U hot start Tag DNA polymerase, fill one master mix up to
21 pL per reaction and one master mix to 20 uL with dH,O.
Add 1 pL per reaction of a limiting dilution of the internal
control solution to the 20 pL. master mix (see Notes 5 and 6).
Mix both master mixtures well by pipetting or vortex.

2. Transfer 21 pL of the master mixtures to labeled 0.2 mL PCR
reaction tubes.

3. Store all reagents used for the preparation of the master mix
and take out the samples of DNA to be tested and the posi-
tive control DNA. Do not handle the reagents and samples
simultaneously. Add 4 uL of each DNA preparation to a reac-
tion tube containing the reaction solutions without and with
the internal control DNA.

4. Transfer the reaction tubes to the thermal cycler and start the
PCR with an initial Tag DNA polymerase activation step at
96°C for 2 min.

5. After this activation step, perform 35 thermal cycles with the
following parameters:

Cycle step 1: 4 s at 94°C

Cycle step 2: 8 s at 65°C

Cycle step 3: 16 s at 72°C plus 1 s of extension time during
each cycle.
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6. The reaction is finished by a final amplification step at 72°C
for 7 min and the samples are then cooled down to room
temperature.

7. Prepare a 1.3% agarose—TAE gel containing 0.3 ug of ethid-
ium bromide per mL. Submerge the gel in 1x TAE and add
12 pL of the amplification product (10 puL reaction mix plus
2 pL of 6x loading buffer) to each well and run the gel at

10 V/cm.
8. Visualize the specific products on a UV screen and document
the result.
3.3. Interpretation Figure 1 shows a representative ethidium bromide-stained gel with
of the Results samples that produced the results as described in the following.

Ideally, all samples containing the internal control DNA
show a band at 986 bp. This band might be more or less bright,
but the band has to be visible, if no other bands are amplified
(see Note 7). The absence of this band indicates that the reaction
may be contaminated with Taq DNA polymerase inhibitors from
the sample preparation. In this case, it is usually sufficient to
repeat the PCR run with the same DNA solution as before. It is
not necessary to collect a new sample. If the second run also
shows no band for the internal control, the whole procedure has
to be repeated with new cell culture supernatant.

Mycoplasma-positive samples show an additional band or only
a single band at 502-520 bp, depending on the mycoplasma spe-
cies. In the case of Acholeplasma lnidlawii contamination and
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Fig. 1. PCR analysis of mycoplasma status in cell lines: a typical ethidium bromide-stained gel containing the reaction
products following PCR amplification with the primer mix listed in Subheading 2.2. Products of about 510 bp were
obtained; the differences in length reflect the sequence variation between different mycoplasma species. Shown are
various examples of mycoplasma-negative and -positive cell lines. Two paired PCR reactions were performed: one PCR
reaction contained an aliquot of the sample only (lanes a) and the second reaction contained the sample under study plus
the control DNA as internal standard (lanes b). Cell lines COL0-699, NS-MEG, and KBM-7 are mycoplasma-negative; cell
lines CI-1 and H-1963 are clearly mycoplasma-positive. The analysis of cell line HCC-366 cannot be evaluated as the
internal control was not amplified and is not visible. Additionally, the one single positive band did not appear. In this case,
the analysis needs to be repeated. KARPAS-707 post-ciprofloxacin treatment shows a weak but distinctive band in the
reaction without internal control and also needs to be repeated after a longer antibiotic-free period posttreatment,
because the apparently low concentration might result from residual DNA of dead mycoplasmas.
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applying the DSMZ internal control DNA, a third band might be
visible between the internal control band and the mycoplasma-
specific band. This is formed by hybridization of the complemen-
tary sequences of the single-stranded long internal control DNA
and the single-stranded short wild-type Acholeplasma DNA form.

Contaminations of reagents with mycoplasma-specific DNA
or PCR product are indicated by a band in the water control
and/or in the negative control sample which are absolutely man-
datory to be included. Very weak mycoplasma-specific bands can
sometimes occur after the treatment of infected cell cultures with
anti-mycoplasma reagents for the elimination of mycoplasma or
when other antibiotics such as penicillin /streptomycin are applied
routinely. In these cases, the positive reaction might either be due
to residual DNA in the culture medium derived from dead myco-
plasma cells or from viable mycoplasma cells which are present at
a very low titer. Therefore, special caution should be taken when
cell cultures are tested that were treated with antibiotics. Prior to
PCR testing, cell cultures should be cultured for at least 2—3 weeks
without antibiotics, or retested at frequent intervals.

3.4. Further Although the method described is sufficient to detect mycoplasma
Considerations contaminations, it might be of advantage to know the infecting
mycoplasma species to determine the source of contamination.
This PCR allows the identification of the mycoplasma species
most commonly infecting cell cultures. In the case of a contami-
nation detected by PCR, the PCR has to be repeated in a 50 pL.
volume and without internal control to amplify the mycoplasma-
specific PCR fragment. This DNA fragment is then digested in
parallel reactions with the restriction endonucleases Aspl, Hpall,

Table 1
Restriction fragment patterns of the PCR amplicons digested
with various restriction enzymes

Aspl Hpall Xbal Haelll Sful
A. lnidlawii - - - - 436,81
M. arginini - - 266,253 - -
M. bovis 303,213 - - - -
M. fermentans - 357/111/48 - 356,/160 -
M. hominis - - 263/253 336/180 -
M. hyorbinis 303/213 - 263/253 - -
M. orale - 288,230 266,252 - -

The numbers represent the sizes of the restriction fragments of the PCR product which was digested with the respec-
tive restriction enzyme; —, not digestable



Detecting Mycoplasma Contamination in Cell Cultures 101

and Xbal (8 pL PCR reaction mix plus 1 pL of the appropriate
10x restriction enzyme buffer plus 1 uL of the restriction enzyme).
Depending on the restriction pattern (see Table 1), the species
can be determined directly. Otherwise, two more digestions with
the restriction enzymes Haelll and Sful have to follow for the
exact identification of the species. Of course, this analysis allows
only the determination of those mycoplasma species that most
often (>98%) occur in cell cultures and is not suitable for the
global identification of all types of mycoplasma species. Cell cul-
ture infections are commonly restricted to the seven mycoplasma
species listed in Table 1 (1, 5).

4. Notes

1. The primers can be designed using the standard IUPAC
nucleotide code to incorporate two different nucleotides to
form a mixture of two primers (Subheading 2.2). Do not use
more than one accessory symbol per sequence. When all oli-
gonucleotides are mixed and prepared in aliquots for use in
the PCR reaction, remember that the molarities of the
sequences containing accessory symbols are reduced by 50%.
The primer solutions should be placed into small portions
(25 pL aliquots) and stored frozen at —20°C to avoid multiple
freeze-thawing cycles and to minimize contamination risks.

2. Any other DNA extraction and purification method that
eliminates PCR inhibitors should work as well. We tested
normal phenol /chloroform extraction and ethanol precipita-
tion, High Pure PCR Template Preparation Kit from Roche
(Mannheim, Germany), Invisorb Spin DNA MicroKit III
from Invitek (Berlin, Germany), and Epicentre MasterPure
Complete DNA & RNA Purification Kit (Biozym, Hessisch
Oldendorf, Germany). Following these methods, the amplifi-
cation of the mycoplasma sequences was similar to the one
after the Wizard preparation when the DNA was dissolved or
eluted in 50 puLL of water. Applying phenol /chloroform extrac-
tion, both reagents need to be removed completely by etha-
nol precipitation, because they inhibit the Taq DNA
polymerase even at low quantities.

3. Use of crude samples directly in the PCR reaction after heating
to 95°C as described in some publications is not recommended.
Even different dilutions of the unextracted samples should not
be used, because endogenous substances might act as inhibi-
tors of the Tag DNA polymerase at very low concentrations
and cause false-negative results. Even after DNA extraction,
the PCR reaction can be inhibited by the unidentified
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substances. For this reason, internal control reactions need to
be incorporated in the test series.

. Although the described PCR method is very robust, the use

of thermal cyclers other than the GeneAmp 9700 might
require some modifications in the amplification parameters,
for example, duration of the cycling steps, which are short in
comparison to other applications. Also the concentrations of
Mg?*, primer, or dNTPs might need to be altered. The same
is true if another Taq DNA polymerase is used, either poly-
merases from different suppliers or different kinds of Taq
DNA polymerase.

. The limiting dilution of the internal control DNA can be

used maximally for 2 or 3 months when stored at 4°C. After
this time, the amplification of the internal control DNA might
fail even when no inhibitors are present in the reaction,
because the DNA concentration might be reduced owing to
degradation or attachment to the plastic tube.

. Applying the internal control DNA, the described PCR

method is competitive only for the group of mycoplasma spe-
cies that carries primer sequences identical to the one from
which the internal control DNA was prepared. The other
primer sequences are not used up in the PCR reaction as a
result of mismatches. Usually one reaction per sample is suf-
ficient to detect mycoplasma in “naturally” infected cell
cultures. To avoid the possibility of performing a competitive
reaction and of decreasing the sensitivity of the PCR reaction,
for example, after anti-mycoplasma treatment or for the
testing of cell culture reagents, two separate reactions can be
performed: First, run a reaction without internal control
DNA to make all reagents available for the amplification of
the specific product. Second, an additional reaction including
the internal control DNA to demonstrate the integrity of the
PCR reaction (Fig. 1).

. During the analysis of heavily infected cultures, sometimes

the internal control is not visible in the gel, owing to over-
whelming amounts of target DNA in the sample compared
with the trace amounts of the internal control DNA. But in
these cases, the correct run of the PCR reaction is demon-
strated by the appearance of the band that is indicative of
mycoplasma positivity.
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Chapter 9

Elimination of Mycoplasmas from Infected GCell
Lines Using Antibiotics

Cord C. Uphoff and Hans G. Drexler

Abstract

Mycoplasma contamination may have multiple effects on cultured cell lines and this can also have a
significant influence on the results of scientific studies, and certainly on the quality of cell culture
products used in medicine and pharmacology. The elimination of mycoplasma contamination from cell
cultures is an inevitable need when contaminated cell lines cannot be replaced by mycoplasma-free cell
lines. The eradication of mycoplasmas with specific antibiotics has been shown to be one of the most
efficient methods to permanently cleanse the cell culture. The effective antibiotics belong to the classes
of fluoroquinolones, macrolides, and tetracyclines. The protocols describe the single use of diverse fluo-
roqinolones as well as combination therapies with antibiotics from different antibiotic classes or of
antibiotics and antimicrobial peptides. Special emphasis has been placed to assure eradication of myco-
plasma without the development of resistant mycoplasma strains and to treat heavily infected and dam-
aged cultures as well as cultures which are sensitive to specific antibiotics. Experience has shown that
no detectable alterations are found to affect eukaryotic cells during the course of the treatment. Antibiotic
treatment of mycoplasma infected cultures appears to be the most practical, robust, and efficient
approach.

Key words: Antibiotics, Cell culture, Cell lines, Elimination, Mycoplasma, Resistance, Treatment

1. Introduction

1.1. Mycoplasma Although many mycoplasma contaminations of cell cultures remain
Elimination: undetected over years and thus seem to have no apparent influence
A Necessity on the growth or other characteristics of the cells, this is a consider-

able misinterpretation of the symbiotic relationship of eukaryotic
cells and mycoplasmas. Mycoplasmas indeed have a multitude of
different effects on various eukaryotic cells. However, these effects
are not constantly seen in all infected cultures, but depend on the
mycoplasma species, the type of cell culture, and the cell culture

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_9, © Springer Science+Business Media, LLC 2011
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1.2. Antibiotic
Treatment

of Mycoplasma-
Infected Cell Cultures

conditions. Nearly every parameter measured in cell culture or
experimental investigations may be affected by mycoplasmas (1).

The spectrum of effects ranges from more or less marked
growth inhibition, altered levels of protein, RNA, and DNA syn-
thesis, induction of chromosomal aberrations, alteration of the
membrane composition including surface antigen and receptor
expression combined with alterations of signal transduction. The
specificity of the infections is indicated by the adverse effects of
induction or inhibition of activation, proliferation, and differen-
tiation of hematopoietic cells, the induction or suppression of
cytokine and growth factor expression, enhanced immunoglobu-
lin secretion by B-cells, increase or decrease of virus propagation,
and a variety of other parameters. Many of the effects mentioned
above are attributable to the deprivation of essential culture
medium components and the degradation of specific nucleic acids
and their precursors, amino acids, lipids, and so forth. Moreover,
the metabolites can be harmful for eukaryotic cells because of the
production of acids from the fermentation (by fermentative
mycoplasmas) or ammonia (by the arginine-hydrolyzing myco-
plasmas) and is highly toxic to the eukaryotic cells (2).

Thus, mycoplasma contaminations cannot be regarded as
harmless, but may have detrimental consequences. Moreover,
contaminated cell cultures represent a source of infection for
other cell cultures. Consequently, cell cultures harboring myco-
plasmas should either be autoclaved and discarded immediately
or taken into quarantine and cured of the infection (3).

Taking into account that 10-30% of all cell lines maintained in
laboratories are infected with mycoplasmas, and many of these
cannot be replaced by uncontaminated cell cultures, there is a
clear need for effective and feasible methods for the elimination
of mycoplasmas. A number of methods have been described to
cure cell lines from the contaminants. These include physical,
chemical, immunological, and chemotherapeutic procedures (2).
Many of the elimination methods are of limited value for use in
cell culture, because they are not always effective, and the myco-
plasmas reappear after a while, are too laborious or require special
equipment or facilities, or show detrimental effects on the eukary-
otic cells (4). The application of chemotherapeutic reagents, such
as antibiotics, currently seems to be the method of choice, because
it is practicable for almost any cell culture laboratory.

Concerning morphology, biochemistry, and genetics, myco-
plasmas exhibit special features which make them unique among
the eubacteria. This is the reason why many antibiotic agents
commonly used in cell culture, mainly penicillin and streptomy-
cin, have no effect on the viability of mycoplasmas, although they
may sometimes suppress their growth (see Note 1). Thus specific
antimicrobial agents have to be applied.
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Over recent years, three unique groups of antibiotics have been
shown to be highly effective against mycoplasmas, both in human/
veterinary medicine and in cell culture: fluoroquinolones, mac-
rolides, and tetracyclines. Fluoroquinolones inhibit the bacterial
DNA gyrase, essential for the replication of the DNA. Tetracyclines
and macrolides inhibit protein synthesis by binding to the 30S and
508 ribosomal subunits, respectively. It is important to have a num-
ber of antibiotics available which act differently against mycoplas-
mas, because the development of resistant clones and the possible
cross-reactivity with weakened eukaryotic cells can be overcome by
the application of an antibiotic from an unrelated group of reagents.
In addition, antimicrobial peptides such as alamethicin, gramicidin
S, or surfactin have been shown to kill mycoplasmas in cell culture,
although they have to be combined with other antibiotics to
eliminate mycoplasmas permanently from cell cultures (5).

It should be mentioned that the antibiotics are not intended
to be used as a general supplement in cell culture to avoid myco-
plasma infections, but only for the short time period during anti-
mycoplasma treatment. Here, we describe the use of several
antibiotics and antimicrobial peptides for the treatment of
mycoplasma-contaminated cells, the rescue of heavily infected
cultures, salvage treatment of resistant cultures, and some pitfalls
during and after treatment.

2. Materials

As many antibiotics are light sensitive, protect the stock and working
solutions from light as well as the cell cultures containing the
antibiotics as much as possible.

e Baytril (Bayer, Leverkusen, Germany) contains 100 mg/mL of
enrofloxacin and is diluted 1:100 with RPMI 1640 medium
immediately prior to the treatment. The dilution should be pre-
pared freshly for every anti-mycoplasma treatment. This solution
is used as 1:40 final dilution in cell culture (at 25 pg/mL).

e Ciprobay 100 (Bayer) contains 2 mg/mL ciprofloxacin and
can be used 1:200 in cell culture (at 10 pg/mL). One millili-
ter aliquots should be taken in a sterile manner from the bot-
tle and stored at 4°C.

e MRA (Mycoplasma Removal Agent, ICN, Eschwege,
Germany) contains 50 pg/mL of a 4-oxo-quinolone-3-car-
boxylic acid derivative (specific type of antibiotic not dis-
closed) and is used in the treatment of cell cultures in 1:100
dilutions (at 0.5 pg/mL).

e Plasmocin (InvivoGen, San Diego, CA) contains two antibi-
otics (specific type of antibiotic not disclosed), of which one
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is active against protein synthesis of bacteria and one inhibits
the DNA replication (gyrase inhibitor). The antibiotics are
applied concurrently and the mixture is a ready-to-use solu-
tion and applied 1:1,000 in the cell culture (at 25 pg/mL
final concentration).

BM-Cyclin (Roche, Mannheim, Germany) contains the mac-
rolide tiamulin (BM-Cyclin 1) and the tetracycline minocy-
cline (BM-Cyclin 2) both in lyophilized states. Dissolve the
antibiotics in 10 mL sterile distilled H,O, aliquot in 1 mL frac-
tions and store at —20°C. Repeated freezing and thawing of
the solutions is not critical for the activity of the antibiotics.
The dissolved solutions can be used as 250-fold dilutions in
cell culture (at 10 and 5 pg/mL, respectively).

MycoZap (Lonza, Verviers, Belgium) is a combination of an
antimicrobial peptide (MycoZap reagent 1) and an antibiotic
(MycoZap reagent 2) (specific types of reagents not dis-
closed), which are employed consecutively. The solutions are
ready to use.

3. Methods

3.1. General
Considerations

. Prior to treatment, aliquots of the contaminated cell line

should be stored frozen, but separated from noninfected
cultures, either at -80°C for short time (maximally
2-3 months) or preferably in liquid nitrogen in separate tanks
(see Note 2). The ampoules have to be marked properly as
mycoplasma-positive to prevent a mix-up of ampoules con-
taining cured or infected cells. After successful cure, these
mycoplasma-positive ampoules will be removed and the cells
destroyed by autoclaving.

. The mycoplasma infection often impedes the growth and

negatively affects the general appearance of eukaryotic cells;
in other words, the cells are objectively and subjectively not
in the best of health. These impaired conditions are further
aggravated by the exposure of the cells to the antibiotics, as
the agents appear to affect those cells more than cells in a very
good condition. Sometimes the desired anti-mycoplasma
effect is offset by the negative effect of the antibiotics on the
eukaryotic cells. Therefore, a few general rules should be fol-
lowed to improve the culture conditions and to reduce the
stress of infection and treatment on the eukaryotic cells:

e Increase the FBS concentration to 20%, even if the cells
grow well at lower concentrations.

e Culture the cells at a medium cell density and keep this
density almost constant over the period of treatment and
a few weeks posttreatment.
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Treatment

3.2.1. Treatment
with Fluoroquinolones
and Plasmocin
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Observe the culture daily under the inverted microscope
to recognize quickly any alteration in general appearance,
growth, morphology, decrease in cell viability, detachment
of cells, formation of granules, vacuoles, and so forth.

In the case of deterioration of the cell culture, interrupt
the treatment for a few days and let the cells recover (but
this should only be a last resort).

Detach frequently even slowly growing adherent cells to
facilitate the exposure of all mycoplasmas to the antibi-
otic; the contaminants should not have the opportunity
to survive in sanctuaries such as cell membrane pockets.
It is similarly helpful to break up clumps of suspension
cells by vigorous pipetting or using other reagents, for
example, trypsin.

Store the antibiotics at the recommended concentrations,
temperatures, and usually in the dark, and do not use
them after the expiration date.

Prepare the working solutions freshly for every treatment
and add the solution directly to the cell culture and not
to the stored medium.

Keep the concentration of the antibiotic constant during
the treatment period; degradation of the antibiotic can
be avoided by frequent exchange of the medium.

3. We recommend applying two types of treatment in parallel, a sin-
gle antibiotic treatment and one of the combination therapies.

A schematic overview of the procedure is given in Fig. 1; an
exemplary representation of the treatment with BM-Cyclin is
shown in Fig. 2.

1. Bring the cells into solution (detach adherent cells, break up
clumps by pipetting or using other methods) (see Note 3);
determine the cell density and viability by trypan blue exclusion
staining. Seed out the cells at a medium density (see Note 4) in
a 25 cm? flask or one well of a 6- or 24-well culture plate with
the appropriate fresh and rich culture medium (10 mL for the
flask and 2 and 1 mL for the wells, respectively). Add one of the
following antibiotics to the cell culture and incubate for 2 days:

25 uL of a 1 mg/mL solution enrofloxacin (Baytril) per
mL medium

10 uL of'a 50 pg/mL solution MRA per mLL medium

5 uL of a 2 mg/mL solution ciprofloxacin (Ciprobay) per
mL medium

1 pL of a 25 pg/mL solution Plasmocin per mL
medium.

2. Remove all cell culture medium in flasks or wells containing
adherent cells or after centrifugation of suspension cells. If
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|| Mycoplasma-positive Cell Line ||

.

Secure Mycoplasma-positive
Aliquots as Frozen Back-up

Antibiotic Treatment with

BM-Cyclin

Fluoroquinolone/Plasmocin MycoZap

l

Mycoplasma PCR Testing | — | Mycoplasma-negative

l l

Mycoplasma-positive Expand Cells, Freeze Master
Stock, Store in Liquid

Nitrogen, Discard Myco-

plasma-positive Back-ups

Treatment-resistant Mycoplasmas

|

(1) Treatment of Untreated Aliquot
or Resistant Culture with
Another Antibiotic

(2) Treatment of Untreated Aliquot
with the Same Antibiotic with
Double Concentration

Fig. 1. Recommended scheme for mycoplasma eradication. An arsenal of different antibiotics can be used to treat
mycoplasma-contaminated cell lines with a high rate of expected success. We recommend (1) cryopreservation of origi-
nal mycoplasma-positive cells as back-ups and (2) splitting of the growing cells into different aliquots. These aliquots
should be exposed singly to the various antibiotics. It is important to point out that quinolone-resistant cultures could still
be cleansed by BM-Cyclin. Posttreatment mycoplasma analysis and routine monitoring with a sensitive and reliable
method (e.g. by PCR) are of utmost importance.

applicable, dilute the cell cultures to the medium cell density.
Add fresh medium and the same concentration of the respective
antibiotic as used in step 1. Incubate for another 2 days
(see Note 5).

3. Applying enrofloxacin or MRA, repeat step 2 another two
times (altogether 8 days treatment). Employing ciprofloxacin
or Plasmocin, repeat step 2 five times (altogether 14 days
treatment). Proceed with protocol in Subheading 3.3.
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Mycoplasma-

Treatment | Passaging Testing

W W W W W

HUNNUUNUNNEULNNU L

0

1

|

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 Days

T e

1 12 2 1 12 2

Medium with
10 pg/ml BM-Cyclin 1 or
5 pg/ml BM-Cyclin 2

Fig. 2. Treatment protocol for BM-Cyclin. Antibiotics are given on the days indicated by arrows. Cells are washed (indicated
by w) with PBS prior to the cyclical change of antibiotics to avoid the formation of resistant mycoplasmas due to low
concentrations of the antibiotics. At the end of the decontamination period, cells are washed with PBS and suspended in
antibiotic-free medium. After a minimum of 2 weeks posttreatment, the mycoplasma status of the cells is examined with
sensitive and robust methods (e.g. by PCR).

3.2.2. Treatment
with BM-Cyclin

1. Bring the cells into solution (detach adherent cells, break up
clumps by pipetting or using other methods) (see Note 3);
determine the cell density and viability by trypan blue exclu-
sion staining. Seed out the cells at a medium density (see Note 4)
in a 25 ecm? flask or one well of a 6- or 24-well culture plate
with the appropriate fresh and rich culture medium (10 mL
for the flask and 2 and 1 mL for the wells, respectively). Add
4 pL of a 2.5 mg/mL solution BM-Cyclin 1 (tiamulin) per
mL medium. Incubate the cell culture for 2 days.

2. Remove all cell culture medium in flasks or wells containing
adherent cells or after centrifugation of suspension cells. If
applicable, dilute the cell cultures to the medium cell density.
Add fresh medium and the same concentration of BM-Cyclin
1 as used in step 1. Incubate for another day. This procedure
will keep the concentration of the antibiotic approximately
constant over the 3 day cycle applying tiamulin (see Note 5).

3. Remove the medium and wash the cells once with PBS to
remove the residual antibiotic agent completely from the cells
and loosely attached mycoplasmas (see Note 6). Seed out the
cells at the appropriate density and add 4 pL of the 1.25 mg/
mL solution BM-Cyclin 2 per mL. medium. Incubate the
culture for 2 days.

4. Remove the culture medium and substitute with fresh
medium. Add the same concentration of BM-Cyclin 2 as used
in step 3. Incubate the cell culture for 2 days to complete the
4 day cycle of minocycline treatment.

5. Repeat steps 14 twice (three cycles of BM-Cyclin 1 and
BM-Cyclin 2 altogether). Proceed with protocol in
Subheading 3.3.
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3.2.3. Treatment
with MycoZap

3.3. Culture
and Testing
Posttreatment

. The activity of the antimicrobial peptide is influenced by

the concentration of the fetal bovine serum (FBS). Thus, the
FBS concentration of the cell culture medium should not
exceed 5% during the treatment with MycoZap reagent 1.
Add 500 pL. MycoZap reagent 1 to 4.5 mL cell culture
medium supplemented with maximally 5% FBS.

. Bring the cells into solution (detach adherent cells, break up

clumps by pipetting or using other methods) (see Note 3);
determine the cell density and viability by trypan blue exclu-
sion staining. Seed out 5x10° cells in 5 mL cell culture
medium supplemented with maximally 5% FBS in a 25 cm?
flask. Add 5 mL medium containing MycoZap reagent 1
prepared in step 1 and incubate the cells until the culture
reaches the medium density, for at least 2 days.

. Remove all cell culture medium in the flask containing adher-

ent cells or after centrifugation of suspension cells. If applicable,
dilute the cell cultures to the medium cell density. Add 9.5 mL
fresh medium (containing the normal FBS concentration) and
0.5 mL of MycoZap reagent 2. Incubate for 2 days.

. Repeat step 3 another two times (altogether 6 days of

treatment) (see Note 5). Proceed with protocol in
Subheading 3.3.

. When the treatment is completed, remove the supernatant

and seed out the cells as described in Subheading 3.2. Keep
the cells at the higher cell density and use the enriched
medium, but do not add any antibiotic compounds, also no
penicillin /streptomycin or similar. The cells should then be
cultured for at least another 2 weeks. Even if initially the cells
appear to be in good health after the treatment, we found
that the cells might go into a crisis after the treatment, espe-
cially following treatment with BM-Cyclin. Thus, the cell sta-
tus should be frequently examined under the inverted
microscope.

. After passaging, test the cultures for mycoplasma contamina-

tion. If the cells are clean, freeze and store aliquots in liquid
nitrogen. The cells in active culture have to be retested peri-
odically to ensure continued freedom from mycoplasma
contamination.

. After complete decontamination, expand the cells and freeze

master stocks of the mycoplasma-free cell line and store them
in liquid nitrogen to provide a continuous supply of clean
cells. Discard the ampoules with mycoplasma-infected cells.

3.4. Further In our experience, it is of advantage to employ two types of treat-
Considerations ments (one of the fluoroquinolones and BM-Cyclin or Plasmocin
or MycoZap) in parallel, as usually at least one of the treatments
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is successful. In the rare event of resistance, cells of the untreated
frozen back-up aliquots can be thawed and treated again with
another antibiotic (Fig. 1). As MRA, ciprofloxacin, and enroflox-
acin all belong to the group of fluoroquinolones, it is likely that
the use of an alternative compound from the same group will
produce the same end result (cure, resistance, or culture death).
In the case of loss of the culture during or after the treatment,
aliquots can be treated with MycoZap or MRA, as these treat-
ments are usually well tolerated by the eukaryotic cells and show
almost no effect on growth parameters during the treatment.
These treatments are also recommended when the cells are already
in a very bad condition prior to treatment, and the number of
available cells would suffice only for one single treatment.
Sometimes, the cells recover rapidly after starting the treatment
due to the immediate reduction of mycoplasma load and the
ensuing release of the cells from the mycoplasmal stranglehold.

If the cytotoxic effects of the antibiotics appear to be too
strong, so that one might risk the loss of the cell culture (occa-
sionally observed when BM-Cyclin is employed), the procedure
can be interrupted for a short time, i.c., 1 or 2 days, to allow the
cells sufficient time for recovery. This should be done when the
first symptoms of serious cell culture deterioration begin to
appear. If the cells are already beyond a certain degree of damage,
it is difficult to reverse the progression of apoptosis.

4. Notes

1. The general use of antibiotics in cell culture is not recom-
mended except under special circumstances and then only for
short durations. Use of antibiotics may lead to lapses in asep-
tic technique, to the selection of drug-resistant organisms,
and to the delayed detection of low-level infection with either
mycoplasmas or other bacteria.

2. Storage in liquid nitrogen could be a potential contamination
source of cell cultures with mycoplasmas, as mycoplasmas
have been shown to survive in liquid nitrogen even without
cryopreservation. Storage of the ampoules in the gaseous
phase of the nitrogen is recommended to prevent contamina-
tion. Moreover, contaminated cell cultures and those of
unknown status should be stored separate from noninfected
cells, preferably in separate tanks to avoid inadvertent mix-up
with noninfected cultures even after years of storage.

3. It is important to break up the clumps and clusters and to
detach the cells from the surface of the culture vessels.
Although the antibiotics are in solution and should be acces-
sible to all parts of the cells, the membranes can be barriers
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which cannot be passed by the antibiotics. Mycoplasmas
trapped within clumps of eukaryotic cells or even in cavities
formed by the cell membrane of a single cell can be protected
from the antibiotic. This is also the reason for the advice to
keep the concentration of the antibiotic constantly high by
regularly exchanging the medium.

4. Depending on the growth rate of the cell line, which might
be severely altered by the antibiotic, the cell density should be
adjusted. If no data are available at all for a given cell culture,
or if the cell culture is in a very bad condition, the cell density,
growth rate, and viability should be recorded frequently to
improve the condition of the culture.

5. Some cell lines are sensitive to a complete exchange of the
medium. If the medium can only be exchanged partially, we
found that 50% of the antibiotic concentration should be added
to the remaining conditioned medium that already contains
the antibiotic, whereas 100% of the antibiotic concentration
is added for the fresh medium.

6. The concentration of the antibiotics should be kept at a
constant level throughout the treatment period. Low antibiotic
concentrations attributable to degradation in culture or
dilution by passaging the cell culture may lead to the devel-
opment of resistant mycoplasma strains. Thus, exchange of
the complete medium is recommended.
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Chapter 10

Quality Assurance and Good Lahoratory Practice

Louise A. Knight and lan A. Cree

Abstract

Poor cell culture practice leads to poor science due largely to issues of cross-contamination between cell
lines and of microbial contamination, but can be avoided by careful quality control and good laboratory
practice. This chapter provides a brief and practical outline of the steps needed to mitigate the risks asso-
ciated with poor cell culture practice. Good Laboratory Practice (GLP) is a set of principles that provides
a framework within which laboratory studies are planned, performed, monitored, recorded, reported,
and archived to ensure the reliability of data generated within a compliant laboratory. A key feature of
this is the generation of quality-control methods and data management within the cell culture
laboratory.

Key words: GLP, GCCP, Identity, Accuracy, Audit

1. Introduction

When used and handled correctly (see Note 1), cell lines are a
useful tool in research, enabling scientists to investigate a variety
of hypotheses; however, as the use of cell lines has grown, so have
the practices of poor cell culture. The problems, highlighted in a
number of the preceding chapters, include cross-contamination
with another cell line, mycoplasma contamination, and over sub-
culture leading to an alteration in cell characteristics. On the basis
of submissions to major cell repositories during the last decade,
between 18 and 36% of cell lines may be contaminated or mis-
identified (1), and although estimates vary, as many as 20% of
scientific publications may report results based on contaminated
or misidentified cell lines (2) (see Notes 2 and 3).

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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2. Good Practice

2.1. Good Laboratory
Practice

2.2. Good Gell Gulture
Practice

Good Laboratory Practice (GLP) is a set of principles (3),
(Table 1) that provides a framework within which laboratory
studies are planned, performed, monitored, recorded, reported,
and archived (see Note 4), thereby ensuring that data produced
are reliable for the purposes of risk assessment. In the context of
human pharmaceuticals, GLP is only applicable to preclinical tox-
icology studies that are used by regulatory receiving authorities to
decide whether to grant a clinical trial authorisation or a market-
ing authorisation. GLP is also designed so that study events can
be reconstructed if issues are identified at any point in the drug
development process.

GLP studies can be performed in vivo and in vitro; if con-
ducted in vitro using animal or human cell lines, the GLP prin-
ciples would require that the study director had an appropriate
amount of information on the cell line to assure that it is fit for
purpose. This may include its identity, source, passage number,
and data to ensure it is mycoplasma free. It is important to
highlight, however, that even though this information is
required, it does not have to be generated in a GLP facility, and
as such there are no specific regulatory GLP requirements for
the use of cell lines in GLP studies (MHRA - personal
communication).

The first European Centre for the Validation of Alternative
Methods (ECVAM) task force on Good Cell Culture Practice
(GCCP) was established following proposals made at a workshop
on the standardisation of cell culture procedures held during the
3rd World congress on alternatives and animal use in the life sci-
ences. The proposal was that guidelines should be developed to
define minimum standards in cell and tissue culture practices; the
principles (Table 2) are analogous to the Organisation for
Economic Co-operation and Development (OECD) principles of
GLP, which cannot normally be fully implemented in basic
research, including in vitro studies (4).

3. Methods

3.1. Auditing Cell
Culture Practices
in a Laboratory

Audit is defined in ISO 9001:2000 as “a systematic, independent
and documented process for obtaining evidence and evaluating
objectively the extent to which audit criteria are fulfilled” (5).
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Table 1
A summary of the GLP principles and associated subsections
Part number  GLP principle Subsection
I Test facility organisation Facility management’s responsibility
and personnel Study director’s responsibilities
Principal investigator’s responsibilities
Study personnel’s responsibilities
II Quality assurance programme General
Responsibilities of the quality assurance
personnel
11T Facilities General
Test system facilities
Facilities for the handling test, reference,
and control items
Archive facilities
Waste disposal
v Apparatus, materials and reagents -
A% Test systems Physical /chemical
Biological
VI Test and reference items Receipt, handling, sampling, and storage
Characterisation
VII Standard operating procedures =
VIII Performance of the regulatory study Study plan
Content of the study plan
Conduct of the study
Conduct of the regulatory study
IX Reporting study results General
Content of the final report
X Storage and retention of records -

and materials

A planned programme of auditing can help to test the effec-
tiveness of a system, allowing weaknesses to be rectified and

strengths to be built upon.

Table 3 (6) outlines a template for auditing cell culture prac-
tices, which can be adapted to the needs of individual laborato-
ries. The GCCP principle that the section of the audit is particularly
relevant is indicated in the table; however, this does not imply
that the other principles should not be considered as there is a
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Table 2
A summary of the GCCP principles
Number GCCP principle
1. Establishment and maintenance of a sufficient understanding of the in vitro system and
of the relevant factors that could affect it
2. Assurance of the quality of all materials and methods and of their use and application,
to maintain the integrity, validity, and reproducibility of any work conducted
3. Documentation of the information necessary to track the materials and methods used,
to permit the repetition of the work, and to enable the target audience to under-
stand and evaluate the work
4. Establishment and maintenance of adequate measures to protect individuals and the
environment from any potential hazards
5. Compliance with relevant laws and regulations and with ethical principles
6. Provision of relevant and adequate education and training for all personnel, to promote
high-quality work and safety
considerable overlap between them. An example of an answer is
also given in Subheadings 2.1 and 2.2.
4. Notes

1. http://lgcstandards-atcc.org

In the technical support section, there are a number of online
resources including useful technical bulletins and cell-biology
resources.

2. For a summary of misidentified cell lines compiled by Dr. R.
Ian Freshney and Dr. Amanda Capes-Davis, published on
20th June 2009 see the following Web site:

http: //www.hpacultures.org.uk /services/celllineidentityver-
ification/misidentifiedcelllines.jsp

3. http://www.hpacultures.org.uk

Here, you can find details on the European collection of cell
cultures (ECACC), a Health Protection Agency (HPA)
culture collection. There are also links to an extensive list of
misidentified cell lines.

4. http: //www.mhra.gov.uk

In the “How we regulate” section, there is a “medicines”
category that links to “inspection and standards.” Information
on GLP is provided here including The Good laboratory
Practice Regulations — SI 1999 /3106.
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Chapter 11

Generation of Lung Cancer Cell Line Variants by Drug
Selection or Cloning

Laura Breen, Joanne Keenan, and Martin Clynes

Abstract

Clonal variants or subpopulations have been isolated from every major histological type of cancer, and
cellular heterogeneity in lung cancer is a common occurrence. These subpopulations may exhibit differ-
ences in drug resistance and invasive potential. One therefore needs to consider the subpopulations as
well as the tumour to overcome the barriers of drug resistance and metastasis for successful treatment.
Isogenic variants of cancer cell lines can be very valuable in providing controlled human experimental
systems to study clinically relevant parameters such as drug resistance and invasiveness. These variants can
be established by selection based on a characteristic of the subpopulation or by isolating clonal subpopu-
lations from a heterogeneous population. Drug-resistant variants can be generated by pulse selection,
which usually generates low-level resistance, which may as well be clinically relevant, or by continuous
exposure, which can be used to obtain high-level resistant variants. Clonal subpopulations may also be
isolated based on morphological differences using simple cell-culture-based techniques.

Key words: Lung cancer, Isogenic, Variant, Clone, Resistance

1. Introduction

Cell line models of drug resistance provide a tool for investigating
the mechanisms through which cells become resistant to chemo-
therapy and thereby identify mechanisms for overcoming the resis-
tance. Many groups have developed their own models of drug
resistance in vitro by treating cells either continuously or using weekly
treatments or “pulses” to closely mirror the clinical setting where
cancer patients usually receive chemotherapy once a week (1, 2).
Continuous selection involves treating a cell line with increas-
ing concentrations of the agent; cells that survive in culture with
the particular agent are building a resistance to it. A lung cancer

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_11, © Springer Science+Business Media, LLC 2011
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1.1. Generating Clonal
Subpopulations

of Human Gancer
Lung Cell Lines

cell line, DLKP-A, that is 300-fold resistant to the anticancer
agent Adriamycin has been established using this method in our
laboratory (3). With pulse selection, cells are treated once a week
over a 6- to 10-week period and are allowed to recover from each
drug treatment. We have successfully established a panel of lung
cancer cell lines resistant to taxol and taxotere (4). These resistant
cell lines show much more modest resistance than continuously
selected cell lines, generally less than tenfold compared to the
parent cell lines. Some of these cell line models were used in a
proteomic study to identity proteins involved in resistance to
taxanes (5).

There are other methods to induce drug resistance in lung
cancer cell lines, such as cDNA transfection to increase expression
of drug resistance genes, but here we focus on drug selection.

Early cloning techniques, i.e. generating a cell population that
originates from a single cell, included growth in agar and agarose
(6). However, these methodologies relied on the cells being able
to grow in agar and their colony forming efficiency (CFE).
Advanced methods of isolating subpopulations include use of
FACS where certain prior knowledge of the subpopulation is
needed. Current methods that can be easily carried out in most
cell culture laboratories include using cloning rings, limiting dilu-
tion, or basing selection on a desired characteristic, e.g. drug
resistance or invasion. The method of choice will depend on the
CFE of the cells. For cells with a low CFE, cloning rings may be
suitable, while for cells with a high CFE, limiting dilution may
work very well.

Using limiting dilution, three clonal variants of a poorly dif-
ferentiated lung cancer cell line displaying different morphological
characteristics have been isolated in this laboratory (7). This
method has also been successfully used to isolate p53-transfected
lung cancer cells (8). In our laboratory, variants of a drug-resistant
lung cancer cell line were isolated using cloning rings (9). Four
subclones of differing invasive potentials have been isolated from
the parental human lung adenocarcinoma based on their ability to
migrate through matrigel (10).

2. Materials

1. Cell culture medium and trypsin/EDTA solution [0.25%
trypsin (Gibco); 0.01% EDTA (Sigma)].

2. Cell culture flasks/plates (Costar).
3. Phosphate-buftered saline (Oxoid).
4. p-Nitrophenol phosphate (Sigma).
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. Sodium acetate buffer [0.1 M sodium acetate, Sigma; 0.1%

Triton X-100 (BDH); pH 5.5].

. NaOH 1 M (Sigma).

. Cloning rings (Stainless steel, glass, or Teflon) with a smooth

flat base (Costar).

. Silicone grease (Costar).
. Transwell inserts, 0.8-um pores (BD biosciences).
10.

ECM gel (Sigma).

3. Methods

3.1. Determination
of IC50

3.2. Determination

of Drug Concentration
Required for Pulse
Selection

. Cells in the exponential phase of growth are harvested by

trypsinisation, and cell suspensions containing 1 x 10* cells/mL
are prepared in cell culture medium.

. Using a multichannel pipette, 100 pL/well of these cell

suspensions are added to 96-well plates (see Note 1).

. Cells are then incubated overnight at 37°C and 5% CO,.
. Cytotoxic drug dilutions should be prepared at 2x their final

concentration in cell culture medium, and 100 pL is then
added to each well using a multichannel pipette (see Note 2).

. Cells are incubated for a further 6-7 days at 37°C and 5%

CO, until the control wells have reached approximately
80-90% confluency (see Note 3).

. Media is removed from the plates and washed thoroughly

with PBS and 100 pL of freshly prepared phosphatase sub-
strate (10 mM p-nitrophenol phosphate in Sodium acetate
buffer) is added to each well.

. The plates are then incubated in the dark at 37°C for 2 h

(see Note 4).

. The enzymatic reaction is stopped by the addition of 50 puL

of 1 N NaOH and absorbance read on a plate reader at
405 nm and reference wavelength at 620 nm.

. The concentration of drug which caused 50% cell kill (IC,, of

the drug) can be determined from a plot of the percentage
survival (relative to the control cells) versus cytotoxic drug
concentration.

. Cells are seeded into twelve 25-cm? flasks at 1.5°x10° cells

per flask and allowed to attach overnight at 37°C.

. The following day media is removed from the flask and a

range of concentrations of appropriate drug added to the
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3.3. Pulse-Selection
of Lung Gancer Gells

3.4. Continuous
Selection of Lung
Cancer Cells

3.5. Isolation of Clonal
Populations Using
Cloning Rings

flasks in duplicate. Complete media should be added to
two flasks as a 100% survival control. Return flasks to the
37°C incubator for a 4 h incubation, after which the drug
is removed, the flasks are rinsed and fed with fresh com-
plete media.

3. The flasks are then incubated for 5-7 days until the cells in
the control flasks reach approximately 80% confluency. At this
point, remove medium from the flasks and cells are trypsinised
and counted in duplicate.

4. The concentration of drug that caused appropriate cell kill
can be determined from a plot of the percentage survival rela-
tive to the control cells versus cytotoxic drug concentration.

1. Cells at low confluency in 75-cm? flasks should be used (see
Note 5).

2. Remove culture medium and add drug at the chosen concen-
tration. Return flasks to the incubator for a period of 4 h.

3. After this period, the drug is removed and the flasks rinsed
and fed with fresh complete media.

4. The cells are then grown in drug-free media for 6 days, refeed-
ing every 2—3 days.

5. Steps 1—4 should be repeated once a week for 10 weeks (see
Note 06).

6. Once the cells have been pulsed for the desired number of
pulses, they should be tested for sensitivity to the selecting
agent using the method described above for determining
1C50 (see Note 7).

7. Stocks of selected cells should be cryopreserved as soon as
possible (see Note 8).

1. Cells should be grown in 75-cm? flasks. The concentration of
drug to be used should be determined using the IC50 as a
basis (see Note 9).

2. Culture medium is removed and the medium containing drug

is added.

3. The cells should be returned to the incubator and re-fed with
drug containing medium twice weekly.

4. The drug concentration should be increased regularly as the
cells become tolerant of the current concentration (sce
Note 10).

This procedure is suitable for the isolation of anchorage-depen-
dent cells where the CFE of the parent population is low (and
therefore possibly the clones) or for subpopulations that can be
visualised microscopically as being distinct (see Note 11).
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10.

11.

12.

. Sterilise cloning rings and silicone separately by baking at

120°C overnight.

. Subculture the cells of interest into a 90-mm Petri dish. There

should be a single cell suspension with a low enough density
to allow the formation of colonies from a single cell (needs to
be determined empirically for cells of interest). Incubate over-
night at 37°C and 5% CO,,.

. Microscopically look for single cells and mark with an indeli-

ble marker on the underside of the dish. Where two or more
cells have been observed together, these are ignored.

. Allow the cells to grow, with feeding if necessary, and moni-

tor the selected colonies. When there are about 30-50 cells in
the colony of interest, remove the medium from the dish and
wash with sterile PBS (see Note 12).

. With a sterile forceps, dip the flat end of the cloning ring into

the sterile silicone grease so that the bottom of the ring is
evenly covered. Using the markings on the underside of the
dish to locate the colony of interest, place the cloning ring so
that the colony is isolated (see Note 13).

. Add just sufficient trypsin solution to cover the cells in the

cloning ring. This will depend on the diameter of the cloning
ring, about 30-50 pL. Incubate at 37°C with regular micro-
scopic monitoring until cells have detached. Add 50-100 pL
growth medium to the cloning ring and gently pipette up and
down.

. Remove to a well in a 96-well plate.

. Wash the inside of the cloning ring with 50 pL growth

medium to remove any remaining cells and add to the same
well of the 96-well plate (see Note 14).

. Allow the cells to attach overnight at 37°C and refresh with

200 pL fresh medium (see Note 15).

The cells are allowed to grow with re-feeding until about 80%
confluent. The cells can now be trypsinised into a larger dish,
usually either a 48-well or a 24-well dish (see Note 16).

When trypsinising from a 96-well plate, wash with PBS as
usual. Trypsinise in a minimal volume of trypsin (30-50 pL)
as in step 6. Add 100 pL of medium and transfer to another
well of 96-well plate or to a larger area plate (48-well or
24-well). Wash out previous well with 50 puL fresh medium.
Add sufficient growth medium to larger plates, i.e. 0.5 mL for
48-well plate and 1 mL for 24-well plate (see Note 17).

Continue to grow and expand the subpopulation. Once cells
in a 24-well plate have reached confluency, the trypsinised
cells may be centrifuged at 1,000 x g for 5 min (depending on
the cell line treat as with parent initially) to remove residual
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3.6. Isolation
of Glonal Populations
by Limiting Dilution

3.7. Isolation of Clonal
Populations by
Invasive Behaviour:
Variations on a Theme

trypsin. Expand the new cell line until master stocks of the
cells can be frozen down (see Note 18).

Re-cloning often needs to be repeated to ensure successful
isolation of a subpopulation, especially where morphologically
distinct subpopulations are present in the cloned variant. To do
this, the procedure is simply repeated from the beginning using
the clonal variant as the starting point.

This method is an adaption of the previous method but is suitable
only for anchorage-dependent cells with a CFE of greater
than 5%.

1. Trypsinise parent cell line to produce a cell density of about
60-120 cells per 12 mL growth medium (or 0.5-1 cell per
well). Plate out 100 pL cell suspension into each well of a
96-well plate and allow this to attach overnight at 37°C and
5% CO,.

2. Monitor and mark wells which contain single cells. Wells con-
taining multiple cells are ignored. Normally, only 5-10 clones
will result from each plate (see Note 19).

3. Continue to monitor wells daily and feed if necessary.
4. When the cells are almost 80% confluent, trypsinise as in step 11.

For use of feeder layers or semi-solid media cloning, refer to (11)
Chapter on “Cloning Animal Cells.”

Much as the drug resistance profile of a subpopulation can be
used to isolate out the drug-resistant variants, invasive subpopula-
tions can be isolated out from the parental cell line by carrying
out traditional in vitro invasion assays with matrigel and isolating
the invasive cell lines from the underside of the insert.

1. Coat transwell inserts (containing 8 um pores) with 100 pL
basement membrane (Matrigel) supported in a 24-well plate
and leave overnight at 4°C.

2. Place plate at 37°C for at least 1 h.

. Trypsinise cells and prepare a 1 x 10¢ cells/mL suspension.

B w

. Caretully wash out insert twice, once with serum-free medium
and the second time with growth medium, being very careful
to not disturb the matrigel.

5. Add 100 pL of the cell suspension followed by 100 puL of
growth medium. Add 0.5 mL of growth medium to the well
(see Note 20).

6. Incubate for the desired length of time to allow invasive cells to
invade through to the underside of the insert. The incubation
time can vary depending on the invasive ability of the cell
line, e.g. from 12 to 72 h.
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. Aseptically, remove the matrigel and the cells that have not

invaded from the top of the insert. Wash out the top of the
insert three times with sterile PBS. Rinse the bottom of the insert
with PBS by inserting it into a well with PBS. Place insert into
a well containing 200 pL trypsin and allow cells to detach.
Microscopically check the trypsin to observe single cells in
the trypsin. Remove insert and add in 800 pL growth medium
to inactivate trypsin and allow cells to grow. Feed with fresh
medium after overnight incubation.

. These cell lines are then expanded as in step 11. Re-cloning

of the invasive clones is carried out to segregate the more
invasive clones.

4. Notes

10.

. Plates should be agitated gently to ensure even dispersion of

cells over the surface of the given well.

. A range of drug dilutions should be used to ensure that an

accurate 1C50 is determined. These assays should be carried
out in triplicate.

. It is important to observe cells microscopically over this time

period, since some cell lines will reach confluency sooner
than others.

. Colour development should be monitored during this time; a

yellow colour starts to develop as the substrate is metabolised.

. Cells should be in good condition, low passage and recently fed.

. If the cells have not recovered sufficiently from the previous

pulse, a week should be skipped, but all cell lines must receive
the same number of pulses.

. Itis important to test the cells for sensitivity over a number of

passages to ensure the stability of resistance. Fold resistance is
calculated by dividing the IC50 of the selected cell line by the
IC50 of the original cell line.

. Cells that have been selected with a cytotoxic agent can be

sensitive to cryopreservation. It is important to check the
viability of frozen stocks and also whether the cells have
retained any resistance acquired after cryopreservation.

. Cells of medium confluency should be used in 75-cm? flasks;

they should be in good condition, low passage, and recently
fed. It is important to note that confluency has an effect on
the cells’ response to drug treatment; high-density cells will
be more resistant than low-density cells.

Cells should be monitored regularly for changes in resistance
using methods described for determining 1C50.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

The CFE is determined by plating a specific cell number into
the well of a plate and counting the number of colonies
formed after about 4 days of growth at 37°C and 5% CO,.
CFE = (number of colonies formed/total number of cells
seeded) x 100.

As a criterion, the colonies to be isolated should be distinct
and not encroached upon by other colonies. Also, monitor
the appearance of floating cells to ensure that these do not
attach near the colonies of interest and contaminate the col-
ony. If there are many floating cells, it may be necessary to
wash the cells with PBS several times.

It is important to check microscopically at this stage that the
colony of interest is isolated. When placing the cloning ring,
press down gently with the forceps to ensure that a good
seal is formed.

At all times during the trypsinisation, it is crucial to ensure
that manipulations with pipettes do not move the cloning
ring. By marking the position of the cloning ring on the
underside of the dish before trypsinising, the position of the
cloning ring can be monitored visually.

This clonal population should be treated as a separate cell line
at this stage.

If the cells appear to grow from these single cells and form
small colonies but do not continue towards confluency,
i.e. they could be contact inhibited, it may be necessary to
trypsinise the cells and reset them up in the 96-well to allow
the cells to reach a higher density.

If the cells appear to be growing slowly, the use of condi-
tioned medium can enhance growth. Conditioned medium
contains autocrine factors secreted by the cells to encourage
their growth. Retain the medium from 80% confluent cells
and centrifuge at 1,000 x4 for 5 min. Filter through a 0.2-um
low protein-binding filter and mix in a 50:50 ratio with fresh
medium. Once cells have attached to new surface, the condi-
tioned medium can be added to encourage growth.

This should be done in the lowest number of passages as pos-
sible to keep the new cell line identical to the clones. Also, it
is very advisable to keep the cells growing until the viability of
the master stocks has been checked.

Be very careful that there are no cells growing right at the
side of the wells.

No gradient is used in this procedure although gradients are
an option.
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Chapter 12

Isolation and Culture of Golon Cancer Gells and Gell Lines

Sharon Glaysher and lan A. Cree

Abstract

The preparation of cells from heavily contaminated tissue is challenging. It is usually best to avoid such
specimens if possible, but for the study of colorectal and some other tumours, it is inevitable that this
must be overcome. The best methods seem to use a combination of (1) debridement of necrotic or
infected areas of the tumour, (2) enzymatic dissociation in the presence of antibiotics, (3) density cen-
trifugation to remove debris, and (4) extensive washing of the tumour-derived cells prior to their use in
cell culture methods. It is possible to obtain cells from up to 80-90% tumours with careful technique and
cooperation from the clinical team.

Key words: Colon, Colorectal, Cancer, Antibiotic, Antifungal, Cell culture

1. Introduction

Colorectal cancers are a leading cause of death in both men and
women. Despite recent efforts to screen the at risk population for
gastrointestinal bleeding, most tumours are large and advanced on
presentation. Surgical removal of the affected section of the colon
remains the treatment of choice and this usually allows access to a
considerable amount of material from the primary tumour.
Unfortunately, the colon contains a large flora of microorganisms
and the tumour is virtually always ulcerated and heavily contami-
nated with bacteria and fungi (Fig. 1). The best way we have found
to counter this problem is to debride the surface of the tumour
vigorously and use relatively high concentrations of antibiotics to
kill contaminating microorganisms during an overnight incubation
with collagenase which breaks up the tissue and releases cells (1).
This is followed by washing of the cells and density cen-
trifugation to remove debris, and further washing. Finally the
cells are suspended in a medium containing more antibiotics

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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Fig. 1. Opening the colon in this case reveals a typical fungating tumour with an ulcerated
surface contaminated with faecal material. Our practice is to ask the pathologist to take
a wedge from the anti-mesenteric border for isolation of cells to avoid compromising the
resection margins.

than is necessary for ‘clean’ tumours derived from sterile sites.
The cell suspension contains both neoplastic and non-neoplas-
tic cells. It is suitable for use in primary cell culture with selec-
tive medium, but can be subjected to magnetic bead or other
selection methods to generate a purer cell population for other
purposes, such as the generation of new cell lines. In our work,
we have used primary cell cultures in an ATP-based tumour
chemosensitivity assay (ATP-TCA) to explore the chemosensi-
tivity of colorectal cancer (1, 2) and to develop new combina-
tions for this cancer (2). Similar methods can be used with
other tumour types such as those from the upper GI tract,
which may also be contaminated (3).

2. Materials

. Benchtop Centrifuge (e.g. MSE Harrier or similar).

. 25 and 50 mL sterile plastic disposable universals.

. Pipette aid for 10-50 mL pipettes and pipettes.

. Standard automatic pipettes (50-250 uL and 0.25-1.0 mL).

. Transport/wash medium — DMEM (Sigma) with additions
as follows: Penicillin-streptomycin (Sigma), gentamicin

[ 2T N I S
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(Sigma), and additional amphotericin B (Sigma) and metron-
idazole (Sigma).

. Complete Assay Medium (DCS Innovative Diagnostik

Systeme GmbH, Hamburg, Germany) with additional antibi-
otics as mentioned above.

. Collagenase H (Sigma) made up from stock in transport

medium with antibiotics to 1.0 mg/mL.

. Waste medium for disposal of infected material (e.g. Virkon).

. Benchtop centrifuge (e.g. MSE Harrier) — This does not need

to be refrigerated.

Class II laminar flow hood providing operator and sample
protection.

Incubator - 5% CO, and 37°C.
7-mL disposable bijou plastic universal containers.

Cellometer automated cell counter (Nexcelom, Lawrence,
USA)

3. Methods

3.1. Preparation
of Transport/Wash
Medium with
Antibiotics

3.2. Sample Selection
and Handling

. Inclass IT hood add 5 mL penicillin-streptomycin (10,000 U/

mL penicillin and 10 mg/mL streptomycin) and 5 mL gen-
tamicin (10 mg/mL) to a new 500-mL bottle of DMEM.

. For potentially contaminated samples, which include virtually

all colon cancer samples, also add 5 mL Fungizone (amphot-
ericin B, 250 ug/mL) and 100 pL metronidazole (made up
as a 5 mg/mL stock solution).

. Label the bottle(s) with printed labels indicating name of the

reagent, name and address of the manufacturer, date of prep-
aration, lot number and expiry date (see Note 1).

. Transfer 5 mL of new Transport Medium into a bijou con-

tainer and place it in the incubator. Check for sterility after
2448 h (see Note 2).

. The sample should be obtained from the specimen as rap-

idly as possible — ideally within the operating theatre (see
Note 3).

. Check that the patient details and specimen receptacle details

match.

. A pathologist or surgeon should normally cut the specimen

to ensure that resection margins are respected as these may
determine patient care.
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3.3. Enzymatic
Digestion

4. A sample of 1-2 cm? should be cut from the tumour with a

sterile scalpel. Take the opportunity to scrape off any obvi-
ously contaminated or necrotic material from the surface of
the sample at this stage and transfer to a 25-mL labelled plastic
universal container with 10 mL transport medium. Shake to
remove loose contaminated material and transfer again to a
fresh 25-mL labelled universal container with 10 mL trans-
port medium. Repeat until medium is clear.

. Day 1: Open a database/spreadsheet file for the patient and

enter all details from sample submission form. Containers
must be appropriately labelled with the sample number at all
times. All containers must be kept until the tumour cells are
plated out and placed in the incubator. Prepare an excel sheet
for the sample and fill in the assay conditions, including batch
numbers (see Note 4).

. Remove the solid tumour sample from its container into a

culture dish in the safety cabinet. Using a sterile scalpel blade
cut the sample into fine fragments (2—1 mm size) and place
them into a universal container with 9 mL transport media
(Fig. 2).

. Add 1.0 mL of preprepared sterile collagenase solution, to

achieve a final concentration of 1.0 mg/mL. Ensure that the
universal lid is secure and if necessary use parafilm to prevent
leakage. Place the universal container horizontally in an incu-
bator at 37°C, 5% CO,, overnight.

. Day 2: Remove the universal container, shake it, and replace

it in the incubator for 30 min (see Note 5).

Fig. 2. Cut up the cleaned sample into 0.5-1 mm? fragments and transfer to a universal
container.
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. Remove the universal container and take it to the safety

cabinet. Add transport medium to even out the volumes and
balance the centrifuge if more than one universal containers
are being processed; then centrifuge at 250 x g for 7 min.

. Remove the universals from the centrifuge and discard the

supernatant into safe disposal solution (see Note 6).
Re-suspend the tumour pellet in 10 mL transport medium,
then centrifuge again at 250 x4 for 7 min.

. Re-suspend the tumour-derived cells in 10 mL of transport

medium.

. To new universal containers, add 10 mL of Ficoll-Histopaque.

Take the re-suspended tumour in transport medium and care-
fully, drop-by-drop, add it to the surface of the Ficoll. This is
easy if the Ficoll universal is held at an angle and the Ficoll is
cold. Place the universal containers in the centrifuge at 400 x g
for 30 min.

. Remove the universal containers from the centrifuge and

return to the safety cabinet. Remove the layer between the
lymphoprep and the wash media and add it to a new, labelled
universal container. Add 10 mL transport medium and cen-
trifuge at 250 x g for 7 min.

Remove the universal containers from the centrifuge and dis-
card the supernatant; re-suspend the tumour pellet in 10 mL
wash media, then centrifuge again at 250 x g for 7 min.

Remove the universal containers from the centrifuge and dis-
card the supernatant; re-suspend the tumour pellet in 10 mL
Complete Assay Media. This amount may vary depending on
the number of cells expected.

. Label an Eppendorf container, add 20 pL of trypan blue, and

add 20 pL of the tumour cell suspension. Mix thoroughly,
then pipette into one port of an unused chamber on the
counting microscope slide (Fig. 3). Count the cells using the
Cellometer as indicated by the manufacturer.

. Dilute the tumour cell suspension with the appropriate

amount of CAM to achieve the final concentration desired.

plBlaunyss

| ‘Nexcelom

Fig. 3. Cellometer counting chamber — each slide has two counting chambers which can
be filled in the hood, and in our hands this has proved much quicker and cleaner than
haemocytometer counting methods. For details see http://www.nexcelom.com.
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4. Notes
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Chapter 13

Isolation and Culture of Melanoma and Naevus Cells
and Gell Lines

Julia K. Soo, Alastair D. MacKenzie Ross, and Dorothy C. Bennett

Abstract

Recently developed methods are described for the culture of cells from primary human melanomas and
benign or dysplastic naevi (moles). These allow the culture of viable cells from the great majority of such
lesions, and the maintenance of what appears to be the predominant population of pigmented cells.
These methods should facilitate the study of typical lesional cells, which appear somewhat different from
the cell lines that have been established previously under more restrictive conditions: intermediate
between these and normal melanocytes. The conditions involve the use of growth-inactivated keratino-
cytes initially, and a combination of mitogens similar to those routinely used for normal human melano-
cytes: stem cell factor, endothelin 1, TPA, and cholera toxin.

Key words: Melanoma, Naevus, Culture, Keratinocyte, Radial growth phase, Vertical growth phase,
Cell senescence, Stem cell factor, TPA, pH

1. Introduction

Human metastatic melanoma cells have been successfully cultured
since at least the 1960s (1), and many laboratories have estab-
lished numerous such lines, for example those of Herlyn, Parsons,
Moore, and Houghton (2-5). These are considered some of the
easiest cancer cells to grow, so much so that we will discuss the
culture of metastases only briefly. However it appears much more
challenging to culture cells from primary melanomas, especially
thin ones (2), and far fewer permanent lines have been established
from these. Likewise, only a small number of groups have
explanted cells from benign melanocytic lesions (naevi or moles),
and these cultures have been reported to have a limited lifespan;
no permanent lines have been derived (6, 7). We have recently
developed methods that efficiently yield viable initial cultures of

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_13, © Springer Science+Business Media, LLC 2011

141



142 Soo, MacKenzie Ross, and Bennett

both primary melanoma cells and naevi, as detailed here. We find,
surprisingly, that even under these favourable conditions many
primary melanoma cultures, like naevi, grow only for a limited
time and then senesce (8). However, around one in seven of the
melanoma cultures yield cell lines, which tend to retain the
appearance of the early cultures (quite similar to normal melano-
cytes), and to have only a few chromosomal aberrations. These
minimal-deviation lines as well as the primary culture methods
should make a useful addition to the resource palette of mainly
advanced melanoma lines, allowing the study of more typical pri-
mary lesional cells, for the better understanding of the crucial first
stages in melanoma oncogenesis.

2. Materials

1. Basic medium for explants (“culture medium”): RPMI 1640
medium (Invitrogen Ltd, Paisley, UK) with penicillin
(100,000 U/L), streptomycin sulphate (100 mg/L), glu-
tamine (2 mM) and extra water-soluble phenol red (7.5 nug/
mL) (Sigma-Aldrich Co., Poole, UK), pre-gassed with 10%
CO, (pH 7.0), then supplemented with 10% foetal calf serum
(FCS) (Invitrogen).

2. Transport medium (for transporting fresh lesional tissue): As
above except without FCS.

3. Medium for XB2 keratinocyte line: Dulbecco’s Modified Eagle’s
medium (DMEM) (Invitrogen) with penicillin (100,000 U /L),
streptomycin sulphate (100 mg/L), glutamine or GlutaMAX
(4 mM), 10% FCS and 10% CO, (pH 7.4). Note that standard
DMEM is buffered for use with 10% CO,,.

4. PBSA: Sterile Dulbecco’s PBS, solution A (lacking CaCl, and
MgCl,) (Invitrogen).

5. PBSA-BSA: PBSA containing 1 mg/ml BSA (Sigma-
Aldrich). Used as a carrier solution for growth factors; both
proteins and TPA can otherwise stick to plastic or glass and
be lost from dilute solutions.

6. Cholera toxin (Sigma-Aldrich) (CT). A concentrated stock is
dissolved in PBSA-BSA at 2 uM (5 mg/30 mL) and filter-
sterilized. A 200x working stock is prepared, also in PBSA-
BSA, at 40 nM. Both are divided into aliquots and stored at
-80°C, or the working stock at 4°C for up to 2 weeks. This is
a potent toxin if ingested; handle with care according to the
supplier’s recommendations and treat CT-containing solu-
tions with concentrated bleach before disposal.

7. 12-O-tetradecanoyl phorbol 13-acetate (Sigma-Aldrich)
(TPA), also known as phorbol myristate acetate (PMA), is
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10.

11.

12.

13.

dissolved as a concentrated stock in 95% or 100% methanol-
free ethanol (not DMSO) (see Note 1) at 2 mM. This is
assumed sterile. A 200x working stock is made in PBSA-BSA
at 40 uM. Both stocks are aliquotted and stored at -80°C, or
the working stock at 4°C for up to 2 weeks. TPA is light-
sensitive, so vials should be protected from light and it is rec-
ommended to switch out the flow-cabinet light while handling
the stock vials. It is also hazardous, as a known tumour pro-
moter that can pass through skin. Handle with care according
to the supplier’s recommendations and treat TPA-containing
solutions with concentrated bleach before disposal.

. Human stem cell factor (Invitrogen) (SCF), also known as

KIT ligand, mast cell growth factor or steel factor (KITL,
MGF, SLF) is dissolved in PBSA-BSA at a stock concentra-
tion of 5 or 2 ug/mL. The solution is filter-sterilized and
aliquots stored at -80°C, or at 4°C for up to 2 weeks.

. Endothelin 1 (Bachem, Weil am Rhein, Germany) (EDN1) is

dissolved in PBSA-BSA at 5 or 2 uM. The solution is filter-
sterilized and aliquots stored at —-80°C, or at 4°C for up to
2 weeks.

Growth medium: Culture medium (#1 above) with TPA
(200 nM), CT (200 pM), and SCF (10 ng/mL).

Mitomycin C (Sigma-Aldrich). Dissolved at 500 pg/mL in
water. Protect from light — wrap vials in foil during use. Can be
stored in fridge for up to about 1 month only, or indefinitely at
-80°C or less. If freezing it, freeze rapidly to avoid precipita-
tion, e.g. drop vials into liquid nitrogen. We prefer to freeze it.

Soybean trypsin inhibitor (Sigma-Aldrich). A stock is dis-
solved at 1 mg/mL in PBSA-BSA, filter-sterilized, divided
into aliquots, and stored at -80°C.

XB2 is an immortal line of mouse keratinocytes (9), originally
obtained from J. Rheinwald, and adapted to growth without
fibroblast feeder cells in our laboratory (10).

3. Methods

3.1. Preparation
of XB2 Feeder Cells

. For normal stock culture, XB2 mouse keratinocytes are plated

at 3x10* cells/mL in DMEM with 10% FCS and 10% CO,,.
Medium is changed after 3—4 days. With a healthy culture
about 4-5x 105 cells/mL can be harvested after 6 days, i.e.
doubling time about 1.2 days. It is worth counting the cells
and plating evenly, as they grow poorly at densities that are
either too low or too high (see Note 2).

. Cells are subcultured when virtually confluent but below sat-

uration density (at saturation density they attach very firmly
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3.2. Frozen Storage
and Thawing of Cells:
General Method

10.

11.

and are hard to detach). For a 10-mL dish: the dish is washed
twice (5 mL each) in PBSA containing EDTA (200 pg/mL),
and once in the same EDTA solution with trypsin (250 ug/
mL) (less trypsin than for fibroblasts, to allow for long expo-
sure). All but 0.75 mL of trypsin—EDTA is removed.

. The cultures are incubated at 37°C (preferably in air, not

CO,) until cells are completely detached, except no longer
than 15-20 min.

. Cells are resuspended by pipetting, in two washes totalling

10 mL DMEM and 10% ECS; they are counted and replated
at 3x 10* cells/mL. Adequate frozen stocks of growing cells
should be prepared soon after receiving the line.

. For preparation of growth-inactivated feeder cells: several

large dishes or flasks are plated as above, e.g. six 10-mL dishes.
They are grown as above until nearly confluent.

. In subdued light, medium is removed and replaced with a

half-volume (5 mL on a 10-mL dish) of DMEM +FCS con-
taining 8 nug/mL mitomycin C.

. Dishes are incubated for 3-3.5 h (timing is important).

Medium is aspirated and the cells washed in DMEM.

. Dishes are incubated in fresh DMEM with 10% FCS for

10 min to ensure elution of the drug.

. Cells are harvested and subcultured as usual. They can either

be re-plated at about 3x10* cells/mL for immediate use, or
frozen in aliquots of 10° or 5 x 10° cells in liquid nitrogen (see
Subheading 3.2), and plated at about 5x10*/mL on
thawing.

Viability of each batch of feeder cells is checked on thawing
(i.e. floating vs. attached cells — none of them should divide);
and plating density is adjusted for that batch if necessary.

It is also good practice to test batches for residual viable cells,
although this should not happen if mitomycin C has been
correctly stored and used as above. Plate one aliquot of 10°
cells on a 10-mL dish and incubate, changing medium twice
a week for about 3 weeks before checking carefully for grow-
ing colonies of cells.

We use this method for all types of cultures, but it is given here
because melanocytic cells are less viable with some other freezing
methods.

1.

Sufficient freezing medium is prepared in advance (see step 5
for quantity): standard growth medium for that cell type,
with 10% FCS but no growth factors, and with 7.5% dimethyl
sulphoxide (DMSO) (see Note 3), chilled to 4°C. Labelled
freezing vials are also prepared in advance.
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. Nearly-confluent cells are harvested by appropriate protocol

for that cell type, resuspended in their standard medium with
serum, and counted.

. The cell suspension is centrifuged at 4°C at 1,000x 4 for

5 min, or 7 min for smaller cells like melanocytes.

4. The supernatant is carefully aspirated from the cell pellet.

. The pellet is resuspended in about 1 mL freezing medium,

and the suspension made up to 10° cells/mL in more freez-
ing medium and aliquotted into single-use vials. For pig-
mented melanocytes, speed is important here as DMSO is
toxic to these cells.

. Vials are stored at -80°C overnight (or for no more than a

week), and placed in a liquid nitrogen freezer.

. For recovery, vials are placed immediately into a 37°C water-

bath, without getting the screw thread wet (a polystyrene
float with holes for vials is helpful).

. The suspension is pipetted gently and transferred to a 25-mL

centrifuge tube. 20 mL of chilled culture medium are gradually
added with gentle mixing, the first 1 mL dropwise, to ensure
the cells do not lyse. (Important: freezing medium is highly
hypertonic and pigmented cells are particularly sensitive here.)
Cells are centrifuged at 4°C at 1,000 x 4 for 5-7 min.

. The supernatant is aspirated and the cells resuspended in

complete growth medium at the required volume, then plated
and incubated.

. Ethical permission (US: human subjects approval) is required

in most countries for work with human tissue. This can take
many months and should be obtained well in advance, but
details will vary with country and are not given here. Generally
information and permission/consent forms will be needed
for the donor patients.

. Mitomycin-C-inactivated XB2 feeder cells, prepared and

thawed as above, are plated at 5 x 10* cells/mL into four wells
of a Nunc 24-well plate per specimen, at least 4 h prior to
plating of lesional cells, in DMEM with 10% FCS.

. Sterile 25- and 5-mL screw-topped containers of transport

medium (item 2, Subheading 2) are placed on ice and taken
to the operating theatre.

. The excised melanocytic lesion (see Note 4) is placed asepti-

cally into 20 mL transport medium, replaced on ice and taken
to a consultant pathologist who assesses the lesion. If the
lesion is deemed of adequate size, a sliver of tissue is cut,
placed in the 5-mL container of transport medium and taken
to the lab. Procedures are sterile hereafter.
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5.
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12.

13.

14.

Using a dissecting microscope in a laminar flow hood, the
specimen is placed on a 35 mm tissue culture dish and rinsed
using PBSA. Tissue should be kept wet at all times — drying
will kill the cells.

. Fat and reticular dermis are dissected off using sterile forceps

and a scalpel with a curved blade and discarded (see Note 5).

. The specimen is covered with trypsin (250 pg/mL) and

EDTA (200 ug/mL) in PBSA in a fresh 35 mm dish with lid.
It is either kept overnight at 4°C, which partially or com-
pletely separates the epidermis and dermis, or one can pro-
ceed to the next step immediately. This step is also used
following the overnight incubation if needed.

. The dish is placed in a 37°C non-gassed incubator for 15 min

to complete the separation.

. Under a dissecting microscope, the epidermis (thin, whitish),

is gently pulled away. If the epidermis does not separate easily,
the specimen is replaced in the incubator for further trypsini-
zation. The epidermis can be discarded (as it contains normal
melanocytes); but we now process it separately in the same
way as the dermis (see Note 6).

Any remaining reticular dermis is now separated from the
papillary dermis (see Note 7) and discarded (unless required
as a source of dermal fibroblasts). The trimmed lesional area
of papillary dermis is placed on a new 35-mm dish and cov-
ered with fresh trypsin—EDTA. It is chopped finely, into a
paste, using two apposed, curved-bladed scalpels, to increase
surface area, and placed in a 37°C non-gassed incubator in air
for 45 min.

The tissue and cell suspension is collected with rinsing, trans-
ferred into labelled 1.5-mL tubes in a non-refrigerated micro-
centrifuge, three tubes for the dermal and 1 for the epidermal
portion (assuming a small specimen), and centrifuged at
2,000 x4 for 5 min.

During this time, 2 mL of complete growth medium (item
10, Subheading 2) with 125 ug/mL trypsin inhibitor is
prepared.

Supernatants are removed; each cell pellet is gently resus-
pended in 500 pL of growth medium, plated into one well of
the prepared feeder cells after removal of their medium, and
the plate placed in a humid 37°C incubator with 10% CO,.

The remainder of the lesion is processed routinely for histo-
pathology. Adjacent sections either side of the sample taken
for culture are examined and used for the diagnosis assigned
to the culture, although the overall lesion diagnosis depends
on a series of sections and may be different.
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3.4. Maintenance 1. Lesional cells in primary culture are grown in culture medium
of Primary Lesional with CT, TPA and SCF only, as above, except that 20 nM
Cultures TPA instead of 200 nM is used for VGP melanoma cells, once

the diagnosis is available. Medium is changed twice a week
(see Notes 8 and 9). Primary lesional cultures are very vari-
able: they may approach confluence quickly, or take some
weeks to grow enough for subculture, or may be senescent
and not grow noticeably at all, despite attaching (8). Growing
cells are often bipolar in shape while senescent cells tend to be
larger, with many dendrites and one or more nuclei with a
prominent nucleolus (Fig. 1).

2. Fresh feeder cells may be added every 2-3 weeks, if most of
them die before the culture is ready for subculture.

3. Once pure melanocytic growth is assured (no fibroblasts),
EDNI1 (10 uM) can also be added.

4. Cells are subcultured when/if they are approaching conflu-
ence. (Cell yield is around 1.5-2x10%/mL or sometimes
more for melanoma cells.) After removing the medium, cells
are washed gently once in PBSA, then once in PBSA contain-
ing EDTA (200 pg/mL) and trypsin (125 pug/mL: less than

Fig. 1. Appearance of naevus and melanoma cultures. Phase contrast; all cultures photographed within first few pas-
sages. Scale bar for all panels=100 pum. All cultures are from dermal (rather than epidermal) portion of a lesion.
(@) Growing cells from a naevus. Appearance is similar to growing normal human melanocytes (e.g. see ref. 11); small,
bipolar cells with 2—4 dendrites. (b) Growing cells from an RGP melanoma. Appearance varies; cells in this culture, which
yielded an immortal line, are larger than normal melanocytes and with thicker dendrites, but the difference is small. The
derived line had the diploid number of chromosomes with minor rearrangements. (c) Arrested (senescent) cells from a
naevus. Larger and multidendritic. Other arrested naevus cells remain bipolar but larger and flatter (not shown).
(d) Arrested cells from an RGP melanoma. Very large with many dendrites; bizarre shapes and multinucleated cells (insef)
are quite common. Nucleoli are often large and prominent (arrowed).
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3.5. Culture

and Maintenance
of Metastatic
Melanoma Cells

for other cell types. Commercial trypsin—EDTA solution can
be diluted with EDTA solution if necessary).

. The trypsin—~EDTA is removed immediately and a small fresh

amount of the same solution is added (e.g. 0.75 mL for a
10-mL plate, but 0.2 mL for a well of a 24-well plate, to keep
cells covered despite the meniscus) (see Note 9).

. Incubate, preferably in air, until cells completely detached, as

seen by gently tilting dish (4-10 min). Do not attempt to
detach melanocytes by pipetting or tapping — tends to kill
them by breaking their processes.

. Resuspend in culture medium with 10% FCS; keep suspen-

sion on ice while counting cell number. Dilute to
3-5x10* cells/mL, add supplements to make complete
medium and re-plate (see Note 10). If there are fewer cells
than this, they can be plated on to fresh feeder cells. If plating
volume is less than about 50x the residual volume of trypsin—
EDTA, add soybean trypsin inhibitor (use full amount to
neutralise trypsin remaining on dish), or else centrifuge to
remove trypsin.

For completeness, this brief summary of published methods for
explantation (2-5) is included. Most groups explant cells from
metastatic melanomas by relatively simple means.

1.

The sample is aseptically dissected free of other tissues,
chopped with two apposed scalpels and directly resuspended
and plated in culture medium. No feeder cells are used. The
medium is usually a defined medium with serum (such as
RPMI 1640 with 10% ECS).

. Growth factors such as supraphysiological levels of insulin

may be added initially but not including TPA, and the factors
are generally withdrawn as the culture becomes established.
See Hsu et al. (2) for one such combination of growth
factors.

. We find that all established human metastatic melanoma lines

can be maintained readily in RPMI 1640 with 10% FCS and
10% CO,, and can be subcultured and frozen by the methods
described above.

4. Notes

. DMSO at concentrations around 0.5-1% is growth-inhibitory

to melanocytes, whereas ethanol is not; we therefore recom-
mend using ethanol as solvent for TPA.

. The XB2 cells that take longest to detach seem to be the stem

cells (small, flat, round, epithelioid, healthy-looking), so
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ensure nearly all cells are harvested. It may improve the
culture to discard the quickest-detaching fraction every few
subcultures, once familiar with the cells’ appearance and the
time taken to detach. The more-differentiated cells have a
scrappy appearance and tend to fragment.

3. Neat DMSO should not be added to medium with cells in it,
as it will kill cells locally before mixing. 100% DMSO should
be transferred with a blue tip or glass pipette, as it dissolves
something toxic out of other plastics. Likewise 100% DMSO
should not be stored in polystyrene plastic bottles or tubes.
Glass is ok.

4. The minimum size of melanocytic lesion deemed suitable by
pathologists at our hospital for this technique is 8 mm. This
may vary depending on pathologist experience. Yield of tissue
can determine the success of explantation.

5. At this point, the fat and white reticular dermis can clearly be
seen under a dissecting microscope; this is cut off and dis-
carded. The pigmented area can be trimmed around and the
removed portions discarded, helping to exclude fibroblasts.

6. Initially the epidermis was discarded to exclude normal mel-
anocytes, but a substantial amount of lesion from the epidermal-
dermal junction can be lost this way. If keeping the epidermal
fraction, it is trimmed as close as possible to the pigmented
area before chopping.

7. The lesional area of papillary dermis is pigmented, so it is
trimmed as close to the pigmented edge as possible, to avoid
fibroblast growth from non-lesional dermis.

8. For about the first week, a Pasteur pipette (3 mL) is used to
aspirate spent medium gently, in order to leave any unat-
tached lesional tissue in the well before new medium is

added.

9. When changing medium or subculturing cells in small wells,
it is important to add new solutions immediately, as surface
tension can retract the solution from areas of cells within sec-
onds, killing them. For example one can set the tray in a tilted
position, then use a Pasteur pipette in one hand to draw off
one solution and a pipette or micropipette in the other hand
to add the next. Alternatively, not all the solution may be
removed (but for trypsinization, extra washes will then be
needed to dilute out serum). Solutions should not be squirted
rapidly on to melanocytic cells on plastic, as this can detach
them.

10. If growing pigmented cells in flasks, it improves cell viability
to gas the empty flask with 10% CO, from cylinder (if avail-
able), before plating the cell suspension. Gas exchange
through the neck of a flask is slow, so this avoids high-pH
shock by CO, loss before equilibration in the incubator.
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Chapter 14

Isolation and Culture of Squamous Cell Carcinoma Lines

Karin J. Purdie, Celine Pourreyron, and Andrew P. South

Abstract

Cutaneous squamous cell carcinoma (SCC) keratinocytes readily grow, expand in culture, and continu-
ously passage, suggesting cither spontaneous immortalisation at the early stage of culture or inherent
proliferative capacity. One feature of SCC keratinocytes is genomic DNA rearrangement and single-
nucleotide polymorphism studies of fresh frozen primary tumour, early and late passage SCC keratino-
cytes suggest that these rearrangements are stable in culture and retain the parental tumour lesions. SCC
keratinocytes are isolated using standard primary culture techniques and become feeder cell independent
with little or no observed “crisis” period. SCC keratinocytes readily form tumours in vivo, which retain
histological features of the parental tumour, making them an excellent model for the study and develop-
ment of cancer therapies.

Key words: Keratinocyte, Squamous cell carcinoma, Tissue culture, Single-nucleotide polymor-
phism, DNA isolation

1. Introduction

The methods described here are based on the technique devised
by Rheinwald and Green (1) and previously adapted to success-
fully cultivate SCC keratinocytes (2). Primary tumour tissue is
physically broken down into either single cell suspensions or
small explant pieces, and cells are subsequently expanded in cul-
ture. All cultures are established on a feeder layer of 3T3 cells,
but SCC keratinocytes soon become feeder independent with
little or no apparent “crisis” period. The original technique can
be used to grow primary keratinocytes from skin, oral cavity,
oesophagus, exocervix, and conjunctiva, as well as bladder
urothelial cells and cells of the mammary gland (3). Although
our technique has been used only to establish cutanecous SCC
cell lines, it is conceivable that the method will translate to
tumours from these other tissues.
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Cell types other than keratinocytes can also be grown out of

tumour tissue, in particular, tumour-associated fibroblasts. Human
tumour-associated fibroblasts do not spontaneously immortalise
and are subject to Hayflick principles of replication capacity (4).

2. Materials

2.1. Isolation
and Culture of SCC
Keratinocytes

. Dulbecco’s Modified Eagle’s Medium (DMEM) with I-

glutamine, 4,500 mg/L d-glucose, 110 mg/L sodium pyru-
vate (Gibco/Invitrogen Ltd, Paisley, UK).

. F-12 nutrient mixture (Ham’s) with l-glutamine (Gibco/

Invitrogen Ltd, Paisley, UK).

. Heat-inactivated fetal bovine serum (FBS, Biosera, Ringmer,

UK).

4. Hydrocortisone (1 g, Sigma-Aldrich, Poole, UK).

10.

11.

12.

13.

14.

15.

16.
17.

. Mouse epidermal growth factor (EGF, 1 mg, AbDSerotec,

Oxford, UK).

. Cholera Toxin ( Vibrio cholerae) (azide free) (1 mg, Enzo Life

Sciences (UK) Ltd Exeter, UK).

. Insulin from bovine pancreas (500 mg, Sigma-Aldrich, Poole,

UK).

. Human apo-Transferrin (500 mg, Sigma-Aldrich, Poole,

UK).

. Liothyronine: 3,3’,5-Triiodo-1-thyronine sodium salt (100 mg,

Sigma-Aldrich, Poole, UK).

Versene 1x (EDTA solution, GIBCO /Invitrogen Ltd, Paisley,
UK).

Trypsin 10x (GIBCO /Invitrogen Ltd, Paisley, UK).
Trypsin/EDTA 1x (GIBCO /Invitrogen Ltd, Paisley, UK).

Penicillin/Streptomycin solution (PS) used at 1x (100x:
5,000 unit Penicillin /5,000 pg streptomycin/mL, GIBCO/
Invitrogen Ltd, Paisley).

Fungisone solution used at 1x (100x, GIBCO /Invitrogen
Ltd, Paisley, UK).

BD Falcon Cell strainer 100 um pore size (VWR, Lutterworth,
UK).

Collagenase D (Roche diagnostics, Burgess Hill, UK).

NALGENE Cryo 1°C Freezing Container, “Mr. Frosty”
(Thermo Fisher Scientific, Loughborough, UK).
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. Nucleon BACC2 kit (Amersham Biosciences UK Ltd, Little

Chalfont, UK).

. 15-mL screw-capped polypropylene centrifuge tubes.

. Chloroform (HPLC grade).

. Ethanol 99.7-100% (absolute) AnalaR.

. TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0).

3. Methods

3.1. Preparation of
Keratinocyte Media

3.2. Isolation of SCC
Keratinocytes (Single
Cell Isolation)

. Transport medium: DMEM supplemented with 10% FBS,

1x Penicillin/Streptomycin, and 1x fungisone (make fresh as
required).

. Keratinocyte medium: 300 mL of DMEM, 100 mL of Ham’s

F-12 supplemented with 10% FBS, 0.4 pug/mL hydrocorti-
sone, 5 wg/mL insulin, 10 ng/mL EGF, 5 pg/mlL transfer-
rin, 8.4 ng/mL cholera toxin, and 13 ng/mL liothyronine
(see Note 1).

. Tumour tissue is placed in transport medium and moved to

the laboratory to be processed as soon as possible. Tissue can
be stored at +4°C for up to 4-5 days, but keratinocyte viabil-
ity declines considerably with time.

. Tumour tissue is washed in PBS or DMEM and cut into small

fragments 1-2 mm in size in a Petri dish containing EDTA/
Trypsin to prevent tissue drying out.

. Minced tumour pieces are transferred to a tube containing

trypsin and incubated at 37°C for an hour (or longer depend-
ing on the size and amount of tissue; up to 3 h at 37°C or
overnight at +4°C). During the incubation period, the tube
should be vigorously shaken at 10-min intervals.

. Pour trypsin and tissue into a sterile Petri dish and disassociate

with scalpel, scissors, or needles. Add equal volume of
DMEM /10%FBS and pass the suspension through a 100-um
cell strainer. Add more DMEM /10% FBS to the dish to recover
all cells and tissue and pass through a 100-pum cell strainer.

. Centrifuge the cell suspension at 500 x g for 5 min and plate

out the recovered cells, ideally at densities of 10° to 3x 10°
per 100 mm dish containing keratinocyte medium and feed-
ers, and incubate at 37°C in a 5% CO, incubator.

. Recover the undigested pieces of tissue from the cell strainer

and transfer to a small Petri dish with 3—4 mL Collagenase D
in DMEM /10%FBS. Leave at 37°C overnight.

. The following day pass the collagenase/tissue suspension

through a 100-pum cell strainer. Add more DMEM /10% FBS
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3.3. Isolation of SCC
Keratinocytes (Explant
Method)

3.4. Gulture of SCC
Keratinocytes

to the dish to recover all cells and tissue and pass through a
100-um cell strainer.

. Centrifuge the cell suspension at 500 x4 for 5 min and plate

out the recovered cells, ideally at densities of 10° to 3x10°
per 100 mm dish containing keratinocyte medium and feed-
ers, and incubate at 37°C in a 5% CO, incubator.

. The remaining tissue can either be used for explant culture or

transferred to a dish containing keratinocyte medium and
feeders, and incubated at 37°C in a 5% CO, incubator.

. Tumour tissue is placed in transport medium and moved to

the laboratory to be processed as soon as possible.

. Tumour tissue is washed in PBS or DMEM /10% FBS and cut

into small fragments 1-2 mm in size in a Petri dish containing
a small amount of FBS. More fetal bovine serum is added and
the tissue /FBS suspension is transferred to a sterile Petri dish
and spread evenly across the surface.

. The Petri dish containing tissue and FBS is air-dried for

approximately 4 min (do not allow the tissue to dry out) to
attach the tissue pieces to the plastic.

. Carefully add keratinocyte culture medium and feeder cells

and incubate at 37°C in a 5% CO, incubator.

. Primary keratinocytes are usually observed 48 h post isolation

(see Notes 2 and 3). Media is generally changed every
2-3 days, but if a lot of cells or pieces of tissue are present,
then it may be necessary to change more frequently.

. Cultures are rinsed in EDTA solution to remove feeders and

then incubated in trypsin/EDTA solution at 37°C for 20 min
or until the cells are visibly rounded and can be easily detached
from the culture dish. DMEM /10% FBS is added to inhibit
the trypsin, and cells are recovered with the use of a suitable
centrifuge at 500 x g for 5 min.

. The cells are resuspended in keratinocyte medium and seeded

at densities of 10° to 3x10° per 100 mm dish containing
keratinocyte medium and feeders, and incubated at 37°C in a
5% CO, incubator.

. To maintain cell stocks for future experiments (see Note 4)

cells can be frozen at 10° or 2 x 10° cells/mL in 90% FBS /10%
dimethylsulphoxide as a cryopreservant. Freezing is best
achieved at a rate of —1°C per minute in a -80°C with the aid
of a cryo-freezing container before transfer to liquid nitrogen.

. Frozen vials of cells are thawed rapidly either in a 37°C water

bath or under a running hot water tap. The vial is swabbed
with 70% ethanol before opening and the cells are washed in
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keratinocyte medium with the use of a suitable centrifuge at
500 x4 for 5 min before plating as described.

. Non-SCC keratinocytes are also readily isolated from tumour

material using this method. In our experience, non-SCC
keratinocytes isolated from tumour tissue have limited prolif-
erative capacity and are eventually outgrown by SCC kerati-
nocytes when present. However, this may take a number of
passages, and some experiments require very early passage
cells. A clear indicator of whether a population of keratino-
cytes is enriched for tumour cells is by DNA analysis using
SNP mapping arrays (5). Mixed populations of cells can be
identified through the lack of clear genetic change observed
using this method (see Note 5).

. Cultures are rinsed in EDTA solution to remove feeders and

then incubated in trypsin/EDTA solution at 37°C for 20 min
or until the cells are visibly rounded and can be easily detached
from the culture dish. DMEM /10% FCS is added to inhibit
the trypsin, and cells are recovered with the use of a suitable
centrifuge at 500 x g for 5 min.

. The cells are washed twice in PBS to remove all traces of cell

culture medium and recovered by centrifugation at 500 x 4.

. The DNA is extracted with the Nucleon BACC2 kit accord-

ing to the manufacturer’s instructions. This kit uses a resin-
based method to extract the genomic DNA into an aqueous
layer while cellular proteins remain bound to the resin.
Polypropylene tubes are required because other materials are
susceptible to the chloroform used in the protocol.

. The upper aqueous phase containing the DNA is carefully

removed to a clean tube, and the DNA is precipitated by the
addition of two volumes of cold absolute ethanol, removed from
the tube with a pipette tip and placed directly into TE buffer.

. To increase DNA yield, the tube containing ethanol may be

centrifuged at top speed (minimum 4,000 x 4) for 5 min and
the pellet washed with 70% cold ethanol, air-dried, and
re-suspended in TE bulffer.

4. Notes

. Keratinocytes adhere to plastic more efficiently in the absence

of EGF: therefore, two keratinocyte media preparations
should be made, one with EGF and one without it. Initial
isolation and plating should be carried out using medium
without EGF. 2448 h after isolation or plating, medium
containing EGF should be used.
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2. SCC keratinocytes clearly resemble epithelial cells but can
vary in appearance depending on the degree of cell—cell
adhesion and propensity to grow in typical epithelioid colo-
nies in the presence of feeder cells. These differences become
much less apparent once SCC keratinocytes reach conflu-
ence and an epithelial sheet forms. Figure 1 depicts various
SCC keratinocyte cultures giving examples of the different
cell morphology compared with classical primary normal
epidermal keratinocytes grown on a feeder layer.

Fig. 1. SCC keratinocyte appearance resembles non-SCC primary keratinocyte culture. (@) sub-confluent (with 3T3 feeder
cells, left) and confluent (right) cultures of primary abdominal epidermal keratinocytes. (b) Cultures of SCC keratinocytes
at different cell densities with or without 3T3 feeder cells.



Isolation and Culture of Squamous Cell Carcinoma Lines 157

3. Tumour material contains a variety of cells, and fibroblasts are

readily isolated after collagenase treatment. If fibroblasts do
become established, they can outgrow SCC keratinocytes, so
it is important to regularly observe cultures whilst keratino-
cytes become established. Fibroblasts can be removed using
EDTA solution or short incubation with EDTA /trypsin
solution.

. 75% of the cutaneous SCC cell lines established are tumori-

genic in SCID mice using standard approaches (6). The
resulting histology varies in the degree of differentiation, but
all retain features of primary cutaneous SCC. Figure 2 shows
H&E staining of sections from three separate xenograft
tumours established with spontaneously immortalised cuta-
neous SCC lines.

5. As the majority of fresh tumour material is from the margin,

normal keratinocyte contamination is common. Mixed popu-
lations of cells can be identified through clear genetic change
observed using these SNP mapping arrays. Figure 3 depicts
examples of heterogencous DNA SNP profiling. We have
found the Nucleon resin-based DNA extraction method gives
high yields of pure DNA; however, good results can also be
obtained with other commercially available systems such as
the Qiagen spin column kits. The Nucleon BACC2 Kkit is
suitable for DNA extraction from 3x10° to 1x107 cells.

Fig. 2. Cultured SCC keratinocytes are tumorigenic in vivo and retain histological features of SCC. H&E staining of xeno-
graft tumours formed using keratinocytes derived from well (fop left), moderately (fop right and bottom left), and poorly

differentiated SCCs (bottom right).
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Fig. 3. SNP mapping arrays (5) can be used to distinguish between pure and mixed SCC keratinocyte cultures. Cell culture
DNA is compared to non-tumour DNA from the same individual across all chromosomes with deletions shown below the
centre line and amplifications above. Top panel: pure SCC culture showing clear cancer-specific changes. Middle panel:
mixed culture of SCC and normal keratinocytes from the same individual with changes less evident. Bottom panel: pure
culture of normal keratinocytes.

Other methods of DNA analysis such as cytogenetics will also
readily identify genomic DNA rearrangements.
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Chapter 15

Isolation and Culture of Ovarian Gancer Cells and Cell Lines

Christian M. Kurbacher, Cornelia Korn, Susanne Dexel, Ulrike Schween,
Jutta A. Kurbacher, Ralf Reichelt, and Petra N. Arenz

Abstract

Ovarian carcinomas show considerable heterogeneity of origin, both in terms of site and tissue. The most
important and also most frequent of these tumors arise from the coelomic epithelium and are therefore
characterized as epithelial ovarian carcinomas (EOC). EOC is often large and advanced at the time of
presentation, so that cells are readily obtainable from surgical specimens or effusions. While the primary
tumor may be chemosensitive, they often develop resistance and may do so rapidly. Due to the easy access
to tumor cells and its biological behavior, EOC is considered to be an ideal model to investigate principal
mechanisms of both antineoplastic drug sensitivity and resistance. Although studies on primary EOC
cells are now preferred for many of these investigations, EOC cell line studies remain important too. This
chapter gives an overview over major techniques required to establish and maintain primary EOC cell
cultures and to initiate and cultivate permanently growing EOC cell lines.

Key words: Ovarian cancer, Chemosensitivity, Chemoresistance, Cell line, ATP, Primary cell
culture

1. Introduction

Ovarian cancer is the second-most malignant tumor of the female
genital tract and the leading cause of death related to gyneco-
logic malignancies in industrialized countries (1-4). The major-
ity of these tumors, which are also known as epithelial ovarian
carcinomas (EOC), arise from the coelomic (or Mullerian)
epithelium (3, 5, 6). Less frequently, malignant ovarian tumors
may also originate from the oocytes (dysgerminomas, embryonic
carcinomas, trophoblast cell carcinomas, and others), the differ-
entiated ovarian stroma (granulosa and theca cell tumors), and
the undifferentiated ovarian stroma (all kinds of sarcomas) (7, 8).
Carcinosarcomas or so-called mixed Mullerian tumors are also

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_15, © Springer Science+Business Media, LLC 2011

161



162

Kurbacher et al.

known (3). Due to their underlying embryology, EOC are able
to imitate all derivatives of the Mullerian tract and the meso-
nephros (5, 6). Papillary serous tumors resemble the mucosa of
the fallopian tube whereas mucinous tumors may imitate both
the endocervical and the intestinal mucosa. Clearly, endometri-
oid carcinomas are closely related to the endometrium. Clear cell
carcinomas imitate the structures of the adrenal cortex and are
therefore also known as mesonephroid tumors. Brenner tumors
which are mostly benign are of urothelial differentiation. Rare
subtypes are squamous cell and small-cell (neuroendocrine) car-
cinomas. Mixed epithelial tumors are also known. Solid, undif-
ferentiated, or anaplastic carcinomas are mostly of papillary-serous
origin (3, 5, 6).

This chapter is mainly focused on EOCs which account for
more than 75% of all ovarian malignancies. The incidence of EOC
increases by age with a peak observed between 60 and 70 years.
Predominant histological subtypes are papillary-serous, muci-
nous, and endometrioid adenocarcinomas (3, 9). One special
aspect of both papillary-serous and mucinous carcinomas is the
fact that they can arise from benign lesions (so-called cystade-
nomas). Approximately one in four serous cystadenomas have the
potential of malignant transformation whereas one in ten muci-
nous cystadenomas may become malignant by time (9). Apart
from benign cystadenomas and malignant cystadenocarcinomas,
a third subgroup of tumors can be identified, which are known as
borderline tumors or tumors of low malignant potential (LMP
tumors) (9, 10). These tumors are restricted to the epithelium
from which they originated meaning that tumor cells have not yet
invaded the organ’s stroma harboring local blood and lymph ves-
sels. In contrast to in situ carcinomas of other origin (i.e. the
breast or uterine cervix), these tumors are able to metastasize
intraperitoneally (and secondarily via extra-ovarian lymph vessels)
when located at the ovarian surface (9, 10). Moreover, LMP
tumors can also propagate to form invasive carcinomas (10).
Although disseminated endometriosis with high proliferative
capacity may be regarded as the benign variant of endometrioid
carcinomas to some degree, the likelihood of malignant transfor-
mation is extremely low in these lesions. Apart from the ovary,
papillary-serous carcinomas can also arise from the pelvic perito-
neum (3). These tumors, which are biologically identical to pap-
illary-serous ovarian cancers, are classified as peritoneal papillary
serous carcinomas (PPSC). Different tumors which share major
histomorphological and biological characteristics with EOC are
papillary-serous and clear-cell endometrial carcinomas and
fallopian tube carcinomas which can show either a papillary-serous
or endometrioid differentiation (11-13). Lastly, multifocal
papillary-serous carcinomas simultaneously arising from different
origins including the ovary, the peritoneum, the fallopian tube,
and the endometrium are known to occur (3, 9).
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Ovarian malignancies are staged according to both the
Féderation Internationale de Gynécologie and d’Obstrétrique
(FIGO) and the TNM system (3, 9). The prognosis of patients
suffering from EOC decreases by stage. Whereas 85% of patients
at FIGO stage I can be cured, the likelihood of cure in stage IV
patients is below 5% (3, 9). Due to the relative lack of specific
early symptoms, the majority of EOC patients present with
advanced disease (i.e. FIGO stage III-IV) at time of primary
diagnosis (3, 9). Bulky tumors invading the whole abdominal
cavity and even extra-abdominal structures are common in these
patients which may also suffer from retroperitoneal lymph node
metastases. Malignant ascites which often leads to the diagnosis
of ovarian cancer by producing typical symptoms frequently
occurs in patients with advanced stage disease (3,9, 11). Therapy
of advanced EOC comprises both surgery and chemotherapy.
The residual tumor at the end of primary operation is the most
powerful prognostic factor in these individuals (3,9, 14). Recently,
no residual tumor or residual lesions of less than 0.5 cm in diam-
eter are regarded as an optimal surgical result. Optimally deb-
ulked patients with FIGO stage III EOC have a more than 50%
likelihood of survival which decreases to less than 15% when opti-
mal surgery cannot be achieved (3,9, 14). In most countries, the
primary operation is currently followed by six cycles of intrave-
nous combination chemotherapy, usually including both a plati-
num analog (cisplatinum or carboplatin) and paclitaxel (3, 9, 15,
16). There is no current evidence supporting the use of other
platinum-based combinations or the administration of additional
chemotherapy cycles. Intraperitoneal chemotherapy may have
advantages over the classical intravenous route in patients with
microscopic residual tumor only (17). However, the toxicity of
this approach is high and the optimal regimen to be given is still
to be defined. Preoperative (neoadjuvant) chemotherapy is
another experimental approach, which merits attention especially
in patients who are considered bad candidates for optimal resec-
tion, but this is currently not considered as the standard due to
the lack of conclusive data generated by large-scale prospective
controlled trials (3, 18, 19).

Despite its primary chemosensitivity, most patients with
advanced stage EOC even including those having had optimal sur-
gery will relapse and ultimately die from their disease. The likeli-
hood of another long-lasting remission following second-line
treatment is closely related to the time to relapse after completion
of primary therapy (3,9, 20). Individuals relapsing during or within
6 months after first-line treatment have a particularly poor chance
of benefit from a secondary treatment (3, 9, 20, 21). These patients
are commonly regarded as being platinum-refractory — whether
they are also taxane-refractory is a subject of recent controversy. In
contrast, patients relapsing more than 1 year after completion of
first-line chemotherapy (who are considered platinum-sensitive)
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have a good chance of response to platinum-based reinduction
chemotherapy. Moreover, secondary radical surgery may be suc-
cessfully performed in a subset of these individuals (3, 9). Patients
relapsing within 7-12 months after completion of first-line treat-
ment represent a third subgroup with so-called intermediate plati-
num sensitivity. The optimal treatment of these patients is still to be
defined. Currently, it is unclear whether they should be subjected
to platinum-based or to platinum-free chemotherapy. Additionally,
there is no data available supporting the use of secondary debulk-
ing surgery in these patients.

EOC is characterized by many features making this disease
particularly suitable for preclinical research using cell-based bio-
logical and pharmacological tumor models. As with several other
solid tumors and hematological malignancies, including breast
and colorectal cancer or multiple myeloma, EOC is now widely
regarded as a clonal stem cell system (22, 23). Interestingly, EOC
has been used for more than 30 years for tumor stem cell research.
Additionally, EOC is a tumor with considerable intrinsic chemo-
sensitivity. Nonetheless, EOC has a high potential to develop sec-
ondary chemoresistance. Therefore, this disease has a particular
importance for preclinical research on cancer chemoresistance
and chemosensitivity.

Another important feature making EOC particularly interest-
ing for cell culture research is the easy access of viable tumor cells.
Ovarian carcinomas normally present as large bulky tumors.
Moreover, EOC patients often suffer from malignant effusions
containing lots of disseminated tumor cells (ascites, pleural effu-
sions, and cardiac effusions). Therefore, EOC cells can be easily
obtained during tumor-reductive surgery, by surgical or laparo-
scopic biopsy, or by paracentesis. Generally, ovarian cancer cells are
easy to grow under extracorporal conditions. During the last four
decades, hundreds of permanent EOC cell lines and numerous
variants have been described. Many are now components of insti-
tutional and industrial drug screening panels. A number of fre-
quently used parental EOC cell lines are summarized in Tables 1
and 2 (24). It has to be noted, however, that all of the EOC cell
lines derived from pretreated patients shown in Table 2 have been
initiated prior to the establishment of newer chemotherapeutic
agents now routinely used in EOC therapy like carboplatin, pacli-
taxel, topotecan, gemcitabine, or liposomal doxorubicin. Thus,
studies on native tumor cells directly derived from large numbers
of clinical tumors which can be tested using short-term assays may
become even more important for future drug development and
preclinical pharmacological research (25-27).

This chapter provides an overview over basic techniques of
isolation and culture of human EOC cells, with a focus on both
establishment and maintenance of permanent EOC cell lines and
short time EOC cultures for biomedical research. As previously



Table 1

Characteristics of established epithelial ovarian carcinoma cell lines
derived from previously untreated patients

Cell line Histology Source References
41M Adenoca Ascites (33)
59M Endometrioid adenoca Ascites (34)
200D Serous adenoca Primary (33)
371M Mucinous adenoca Ascites (35)
A2780 Serous adenoca Primary (36)
BUPH:OVSC Sarcomatoid ca Solid metastasis (37)
COLO 110 Serous adenoca Solid metastasis (38)
COLO 316 Serous adenoca Pleural effusion (38)
COLO 319 Serous adenoca Ascites (38)
DO-s Mucinous adenoca G1 Ascites (39)
FU-OV-1 Serous adenoca G3 Primary (40)
HTOA Serous adenoca G1 Primary (41)
HOC-1 Serous adenoca G1 Ascites (42)
HOC-7 Serous adenoca G1 Ascites (42)
IGROV 1 Adenoca Primary (43)
JA-1 Cystadenoca Primary (44)
LN1 Mixed Mullerian tumor Primary (45)
NOE Endometrioid adenoca Primary (46)
OC 314 Serous adenoca Ascites (47)
OTN 11 Serous adenoca G1-2 Ascites (48)
OTN 14 Mucinous cystadenoca G1 Ascites (49)
OV-1946 Serous adenoca G3 Ascites (50)
OVCAR-5 Adenoca Ascites (51)
OV-MZ-1 Serous adenoca Solid tumor (52)
PEO14 Serous adenoca G1 Ascites (53)
PEA 1 Adenoca G3 Pleural Effusion (53)
RMG-V Clear cell adenoca Primary (54)
SMOV-2 Clear cell adenoca Primary (55)
T014 Serous adenoca G1 Solid metastasis (53)
TAYA Clear cell adenoca Ascites (56)
TOV-1946 Serous adenoca G3 Primary (50)
TOV-2223 Serous adenoca G3 Primary (50)

Adenoca=adenocarcinoma; G1 =well differentiated; G2 = moderately differentiated; G3 =poorly differentiated
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Table 2
Characteristics of established epithelial ovarian carcinoma cell lines
derived from pretreated patients

Cell line Histology Source Pre-biopsy treatment References
138D Serous adenoca Ascites CBDCA (33)
180D Adenoca Ascites DDP (33)
253D Serous adenoca Ascites CPA/MPA (33)
Caov-3 Adenoca Solid tumor CPA/DOX/FU (42)
CH1 Papillary adenoca Ascites DDP/CBDCA (34)
COLO 330 Serous adenoca Ascites L-PAM/Rx (38)
OAW 28 Adenoca Ascites DDP/L-PAM (34)
OAW 42 Serous adenoca Ascites DDP (34)
OC 315 Serous adenoca Ascites CPA/DDP (47)
OC 316 Serous adenoca Pleural effusion PTC/DDP (47)
OV-1063 Papillary adenoca Ascites CPA/DOX/DDP/HMM (57)
OV-MZ-1b Solid adenoca Ascites CPA/DOX,/DDP, Rx (52)
OV-MZ-22 Carcinosarcoma Solid tumor CPA/EPI/DDP (58)
OVCAR-2 Adenoca Ascites CPA/DDP (59)
OVCAR-3 Papillary adenoca G3  Ascites CPA/DOX,/DDP (60)
OVCAR-4 Adenoca Ascites CPA/DOX/DDP (61)
OVISE Clear cell adenoca Solid tumor CPA/DOX/DDP (62)
OVTOKO Clear cell adenoca Solid tumor CPA/DOX,/DDP (62)
PEO1 Serous adenoca G3  Ascites DDP/FU/CLB (63)
PEO4 Serous adenoca G3  Ascites DDP/FU/CLB (63)
PE06 Serous adenoca G3  Ascites DDP/FU/CLB (53)
PEOl6 Serous adenoca G3  Ascites Rx (53)
PE023 Serous adenoca G1  Ascites DDP/CLB (53)
PEA2 Serous adenoca G3  Ascites DDP/CLB (53)
SKOV-3 Adenoca Ascites TT (64)
TR 170 Serous adenoca Ascites CPA/DDP (44)
TR 175 Serous adenoca Ascites CLB/CPA (44)

Adenoca=adenocarcinoma; CBDCA =carboplatin; CPA =cyclophosphamide; DDP =cisplatin; DOX=doxorubicin;
EPI =epirubicin; FU = 5-fluorouracil; G1 =well differentiated; G2 =moderately differentiated; G3 =poorly difterenti-
ated; HMM =hexamethylmelamine; L-PAM =melphalan; MPA =medroxyprogesterone acetate; PTC = paclitaxel;
Rx =radiotherapy
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discussed, EOC is an ideal model for experimental research on
cellular pharmacology in primary cultures of native tumor cells
tested with various short time assay such as the ATP-based tumor
chemosensitivity assay (ATP-TCA), the extreme drug resistance
assay (EDR), the fluorescent cytoprint assay (FCA), the histocul-
ture drug response assay (HDRA), different types of clonogenic
assays, and many others (28, 29).

2. Materials

2.1. Laboratory Most EOC cultures can be grown by using a routine cell culture
Equipment laboratory providing the following:
Centrifuge (minimum: 400 x g).

1.
. Class II laminar airflow cabinet.

. Humidified incubator (37°C and 5% CO,).

. Shaker water bath, 37°C.

. Personal computer.

. Adjustable automated pipettes (0-200 uL and 200-1,000 pL).
. Automated pipette pump.

. Refrigerator (2-8°C).

. Various freezers: —20°C and -80°C.

. Dewar container for storage in liquid nitrogen (-196°C)
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Inverted and phase-contrast microscopes.

equipped with cryogenic storage racks.

2.2. Laboratory EOC culture normally requires the following sterile laboratory
Materials materials including a variety of glass and plastic ware:

1. Sterile scissors and tweezers.

2. Disposable scalpels (no. 11).

3. Disposable canules (G16-G21).

4. Disposable syringes (1, 2, 5, and 10 mL).

5. Disposable serological pipettes (1, 5, 20, and 25 mL).

6. Autoclavable Pasteur pipettes.

7. Pipette tips at various sizes to be used with automated

pipettes.
8. Autoclavable pipette tip boxes.
9. Sterile conical centrifuge tubes (15 mL, 50 mL).

10.
11.

Microcentrifuge tubes, snap-capped (1.7 mL).
Round bottom polypropylene cryogenic vials (2 mL).
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2.3. Cell Gulture Media

2.4. Cell Culture
Supplements
and Reagents

12. Sterile polysterene petri dishes at various diameters.

13. Polysterene angled neck culture flasks with filter caps (25 mL
and 75 mL).

14. Disposable cellulose acetate filters (0.2 um).

15. 70 um mesh filter gauze.

16. Autoclavable glass tubes, filters, and Erlenmeyer flasks at vari-
ous sizes.

17. Neubauer Hemocytometer.

18. Autoclavable leukocyte pipettes.

In the past, various cell culture media (CCM) have been devel-
oped and a number of them have been described as being obliga-
tory to maintain specific EOC cell cultures. However, most of the
primary EOC cell cultures and the vast majority of established cell
lines can be successfully grown in a handful of these media as
summarized below. Media should routinely contain phenol red
indicator. However, it may be appropriate to use phenol red-free
media formulations, in particular, if stimulation experiments with
sexual steroids or other hormones are planned (see also Notes 1
and 2). Blank media should be kept at 2-8°C if not otherwise
specified by the manufacturer:

1. Dulbecco’s modified Eagles’ medium (DMEM).

2. McCoy’s 5A medium.

3. Roswell Park Memorial Institute medium 1640 (RPMI 1640).
4

. Connaught Medical Research Laboratories medium 1066
(CMRL 1066).

. Hank’s F-10 medium.

. Leibovitz L-15 medium.

AN G

The following cell culture supplements and reagents should also
be available:

1. Hank’s balanced salt solution (HBSS), to be stored at room
temperature.

2. Dulbecco’s phosphate buffered saline (PBS), to be stored at
2-8°C.

3. Fetal bovine serum (FBS), charcoal stripped, to be stored at
-20°C.

4. 1-Glutamine solution (200 mM), to be stored at -20°C.

5. Bovine insulin solution (10 mg/mL in 25 mM HEPES), to
be stored at 2-8°C.

6. Penicillin-Streptomycin (100x concentration); 10,000 IU /mL
penicillin and 10 mg/mL streptomycin, to be stored at
-20°C.
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of Ready-to-Use Cell
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7. Sterile trypsin-EDTA solution (0.25% in PBS), to be stored at
2-8°C.

8. Trypan-blue dye (0.14%) to be stored at room temperature.

9. Hoechst stain solution (10 mL contains 0.5 pg/mL Hoechst
bisbenzamide 33258 fluorochrome stain and thimerosal) to
be reconstituted in 10 mL mounting medium (sodium phos-
phate and citric acid in glycerol), store at 2-8°C.

10. Sterile Ficoll-Hypaque® (Density 1,077 g/mL) to be stored
at 2.8°C.

11. Dimethyl sulfoxide (DMSO), to be stored at room
temperature.

12. Accumax® Solution (Sigma-Aldrich): Type I collagenase from
Clostridium histolyticum, DNase, and pronase prepared in
Dulbecco’s PBS to be stored at -20°C.

13. Lyophilized Tumor Dissociation Enzymes (TDE®; DCS,
Hamburg, Germany) which must be reconstituted in 10 mL
CCM according to the manufacturer’s instructions.
Reconstituted TDE® must be stored at -20°C.

It is commonly thought that the most appropriate CCM for
tumor cells differs from case to case. However, the vast majority
of EOC cells grow easily in vitro using the following CCM
formulation.

1. Use RPMI 1640, DMEM, or McCoy’s 5A as basal medium.

2. Supplement with 10% FBS, 2 mM 1-glutamine, 10 pg/mL insu-
lin, 100 TU/mL penicillin and 100 pug/mL of streptomycin.

3. If immediate suppression of B-lymphocyte growth is neces-
sary, use a glutathione-free basal medium (i.e. DMEM)
instead of RPMI 1640 or McCoy’s 5A (see Subheading 4)
and substitute FBS by an appropriate medium replacement
(see also Note 1).

Store the ready-to-use CCM at 2-8°C for a maximum for
3 months.

3. Methods

3.1. Collection
of Primary Ovarian
Carcinoma Gells

As with any other tumor type, strict asepsis is mandatory during all
steps of EOC cell collection and processing. As mentioned above,
EOC cells are easy to obtain during routine clinical procedures.
They can be harvested from either surgical tumor specimens or
malignant effusions requiring diagnostic or therapeutic paracente-
sis. If possible, solid material should be obtained intraoperatively
to lower the risk of microbial contamination, provided that
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3.2. Preparation

of Ovarian Carcinoma
Cell Suspensions
from Solid Samples

3.3. Preparation

of Ovarian Carcinoma
Cell Suspensions from
Malignant Effusions

histopathological diagnosis and staging will not be compromised.
After sampling, solid specimens must be placed into a sterile tightly
closable transport vessel containing supplemented DMEM as
described above. If microbial infection cannot be excluded, the
transport medium should additionally contain 2.5 pg/mlL of
amphotericin B and 1 ug/mL of metronidazole (30). Malignant
eftusions must be coagulated with commercial sodium-heparin at
10 IU/mL immediately after paracentesis. EOC cell containing
material should be processed optimally, immediately after sam-
pling. If storage or transportation is inevitable, specimens should
be kept gently cooled at 8-12°C. Cooling at deeper temperatures
should be avoided. Specimens must not be frozen or fixed.

All preparations should be performed under a laminar flow hood.
The aim of this step is to obtain EOC cell-enriched suspensions
containing both single cells and small organoid particles com-
posed of both tumor cells and stroma, as well. It is not mandatory
to achieve pure single cell suspensions (see Note 3).

1. Place EOC specimens in a 10 cm Petri dish to remove necrotic
parts, fat, and connective tissue using sterile scissors, twee-
zers, and scalpels.

2. Add a few milliliters of serum-free DMEM, and then cut the
remaining tumor tissue into fragments of 2-5 mm in diameter.

3. Pour the resulting tumor fragments into a 15-mL conical test
tube and mix with 10 mL of freshly thawed tumor dissocia-
tion reagent (Accumax® or TDE®).

4. Pass the resulting tumor lysate through a 70-um mesh filter
gauze in order to remove undissociated particles.

5. Remove the dissociation enzymes by two 10 min centrifuga-
tion steps at 200 x g after adding 10 mL of DMEM.

6. Resuspend the resultant pellet with the appropriate CCM.

Depending on the consistency of the individual EOC mate-
rial, the enzymatic digestion can be performed either in a 37°C
shaker bath or in an incubator for 1-2 h (37°C, humidified 5%
CO, atmosphere). In extremely fibrotic samples, incubation can
be prolonged to 4 h (shaker bath) or overnight (incubator).

As mentioned above, EOC patients often present with malignant
effusions from which tumors cells can be easily isolated. However,
appropriate anticoagulation with sodium-heparin (10 IU/mL
effusion) is mandatory prior to further processing.

1. Fill 50-mL conical test tubes with aliquots of heparinized
effusions and then centrifuge for 10 min at 200 x 4 in order to
remove all serum components.

2. Resuspend the resulting pellets with 10 mL of DMEM.
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Carcinoma Gells
Cultures
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3. In specimens containing a high amount of red blood cells,
perform an additional purification step. Process these samples
for Ficoll-Hypaque® density gradient centrifugation and then
resuspend the resulting EOC cell containing interphase in
5 mL CCM.

The resultant tumor cell suspension must be controlled for both
quality and viability.

1. Determine the EOC cell content by subsequent Wright-
Giemsa or hematoxylin-eosin (HE) staining (usually per-
formed by the collaborating pathologist).

2. Determine the tumor cell number and viability by trypan-
blue dye exclusion using a Neubauer hemocytometer.

Only the general procedures to set up primary cultures of EOC
cells are described in this chapter. Techniques of short-time EOC
cultures for drug response and resistance assay may differ mark-
edly from these prescriptions and are described in detail elsewhere
in this volume (see also Note 4). After successful initiation of pri-
mary EOC cultures both short-time assays as well as further
propagation in order to establish EOC cell lines is possible.

1. Fill aliquots of 10 mL of the resulting EOC cell suspensions
either generated from solid or liquid material into 25-mL
canted necked rectangular polypropylene culture flasks.

2. Set up multiple flasks of each tumor cell suspension whenever
possible.

3. Close the culture flasks tightly with a filter cap (cap with an
integrated 0.22 um cellulose acetate filter).

4. Transfer the culture flasks to a humidified incubator and incu-
bate at 37°C and 5% CO, for 24 h.

5. Control the cultures every day for cell growth and microbial
infection under an inverted microscope.

6. Cultivate the primary EOC cultures by using the appropriate
CCM as described above. Generally, the CCM used to initiate
the EOC culture should be used throughout the whole cul-
ture period if not otherwise indicated.

7. Feed the primary EOC cultures by exchanging 50% of the CCM
every second or third incubation day depending on the indi-
vidual cell growth (normally indicated by a yellowish change of
the color of the phenol red in the CCM) (see Note 5).

Both primary EOC cultures and EOC cell lines must be periodi-
cally subcultured at subconfluence (i.e. at least 75% of the bottom
of the culture flask is covered by cells — tumor cells, fibroblasts,
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Fig. 1. Microphotograph of a subconfluent ovarian carcinoma cell culture, phase contrast,
%200 original magnification (photo with permission, Sharon Glaysher).

and mesothelial cells) in order to enrich the EOC cell content in
the cultures and to remove the fibroblasts by time (Fig. 1).

1.

10.

Remove the FBS-containing CCM from the culture flasks
completely.

. Wash twice with serum-free DMEM.
. Add 10 mL of 0.25% trypsin-EDTA to the culture flasks and

then incubate for 10 min at 37°C in a humidified 5% CO,
incubator.

. Stop the trypsinization process by adding at least 10 mL of

EBS-containing CCM to the culture flask.

. Resuspend the EOC cells by gently shaking the culture flask

or knocking tenderly at the outer surface of its bottom. More
vigorous resuspension techniques (i.e. use of cell scrapers)
should be avoided (see also Note 6).

. Pour the whole EOC cell containing supernatant into a

50-mL conical test tube and then wash the cell suspension in
the appropriate CCM by two centrifugation steps at 200 x g
for 10 min.

. Transfer the resultant EOC cell containing suspension to new

25-mL culture flasks at a 1:2 or 1:3 ratio depending on the
cell density.

. Add CCM until a total volume of 10-15 mL per culture flask

is reached.

. Allow the cells to attach in the incubator for 24 h at 37°C and

5% CO,.
Cultivate the cells until subconfluence is reached by periodi-

cally feeding the cultures as described in the previous para-
graph and then perform another passage step.
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In cultures derived from malignant effusions, the presence of
mesothelial cells may be a particular problem. These cells — in
contrast to epithelial cells — are attached to fibrin meshes, which
appear during initial culturing. Short-time trypsinization (2 min)
may be helpful to completely detach mesothelial cells without
removing tumor cells (24).

EOC cells normally need adhesion to the inner surface of the cell
culture vessel for optimal growth. Anchorage-independent growth
which is common in leukemia cells is a rare event in epithelial tumors
like EOC. However, some cultures may lose their anchorage-depen-
dence by time and can be grown in suspension. This is most often
the case with cultures derived from anaplastic carcinomas and
Mullerian mixed tumors, respectively. The procedure of maintain-
ing and subculturing EOC suspension cultures is very similar to
those described for leukemia cells (see separate chapters in this vol-
ume). Clearly, trypsinization is not necessary. Moreover, one should
be aware that nonadherently growing cells normally exhibit a high
proliferative capacity requiring a more frequent feeding and /or sub-
culturing. Loss of adherent growth may also be related to myco-
plasma infection which, however, mostly results in marked growth
reduction (see also Subheading 3.11).

Immortalized EOC cell lines can be established by serially subcul-
turing primary EOC cells using the aforementioned cell culture
techniques. Both fibroblasts and mesothelial cells will disappear dur-
ing the subcultivation process (Fig. 2). Generally, immortalization
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Fig. 2. Correlation between the tumor cell content of 21 primary ovarian carcinoma cell
cultures and the number of subsequent passages. The variability with regard to the
tumor cell content decreases by time. It has to be noted that the relative tumor cell
content drops during the first passages and increases after four subcultures to reach a
saturation effect beyond passage #9 (Kurbacher, unpublished data).
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of primary EOC cell cultures can be assumed after 10-12 passages
(subcultures) provided that the contamination with normal cells
does not exceed 15% of the whole cellular content (24).

1. Cultivate the EOC cell lines by using the appropriate CCM.

2. Do not exchange the CCM formulation during the whole
culture time if not otherwise indicated.

3. Passage the EOC cell lines at subconfluence by using the
techniques previously described.

4. Periodically check for mycoplasma infection by using Hoechst
33258 dye or (preferably) PCR. Commercially available EOC
cell lines can be maintained accordingly.

3.9. Cryopreservation If necessary, both native EOC cells and established cell lines can be
of Epithelial Ovarian frozen and stored for later use at any time of the culture process.

Carcinoma Cells 1. Resuspend EOC cells by one of the procedures described above.

2. Wash twice by centrifugation at 200 x4 for 10 min.

3. Resuspend again in a serum-enriched freezing medium:
75-80% ready-to-use CCM, 15-20% additional FBS, 10%
DMSO (or alternatively glycerol).

4. Fill aliquots of 1.5 mL into 2-mL cryotubes and then freeze
immediately at —-80°C. Slow cooling is not mandatory for
most EOC cultures. Snap-freezing normally may give accept-
able results in most instances (see Note 7).

Storage at —80°C is possible if liquid nitrogen is not available.
However, storage below -150°C may result in a better cell
recovery after thawing and should thus be preferred, particularly
it cryostorage of more than 3 months is intended.

3.10. Thawing of Thawing of cryopreserved EOC cells should be performed as fast
Cryopreserved Ovarian ~ as possible in order to avoid toxic effects of the cryoprotectants
Carcinoma Cells produced during the thawing process. Transfer the cryotubes to

a 37°C water bath until complete thawing (i.e. disappearance of
all visible ice crystals) (see also Note 8).

1. Immediately pour the suspensions to 15-mL conical test
tubes and completely remove the freezing medium by two
centrifugation steps at 200 x g for 10 min.

2. Resuspend the frozen-thawed EOC cells in the appropriate
CCM and then cultivate as mentioned above.

3.11. Diagnosis As any other cell culture, EOC cultures are endangered by vari-
and Treatment ous microbiological infections. The most important laboratory
of Infections infections involve fungi, yeasts, bacteria, mycoplasmas, and

viruses. Most infections can be easily diagnosed by just observing
the content of the culture flasks natively or under the inverted
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microscope according to the algorithms shown in Figs. 3 and 4.
Infections with mycoplasmas which are present in up to 40% of all
permanently growing cell cultures worldwide require specific
diagnostic means using fluorescence microscopy (DAPI or
Hoechst 33258 stain), ELISA, or PCR techniques. Indirect signs
of mycoplasma infection can be loss of adherence, diminution of
cell growth, and appearance of super-vacuolated cells. Viral infec-
tions which mostly remain undetected can be diagnosed the best
by using molecular methods like FISH or PCR.

Most laboratory infections are difficult to treat and particularly
contaminations with fungi, bacteria, and viruses are often deleterious
to the particular culture involved. Since most germs associated with
laboratory infections stem from the laboratory staft by itself, strict
asepsis is the most effective way to avoid microbial contaminations
(see Note 9). In most cases, contaminated culture flasks should be

SYMPTOM DIAGNOSIS TREATMENT

Muddy medium
Yellowish medium BACTERIA

color Reject culture
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Thread-like
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I
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Fig. 3. Diagnosis of laboratory infections I: directly visible symptoms.
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(i} — — PG — |
Reject culture
Hypergranulation

|

;

Fig. 4. Diagnosis of laboratory infections II: symptoms which can be diagnosed by light
microscopy.
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immediately discarded in order to prevent the infection of other
cultures grown in the same incubator. If infections occur in very
rare or valuable cultures, a treatment attempt can be made by using
the appropriate compounds among a variety of commercially avail-
able antibiotics and/or antimycotics. The involved culture flasks
should be immediately transferred to a separate incubator and kept
there until the unequivocal confirmation of successful decontami-
nation. In most cases, the attempt of decontamination (in particu-
lar with fungi and bacteria) remains unsuccessful so that extinction
of the involved culture is the best way to handle laboratory infec-
tions in most instances.

4. Notes

1. A lot of cell culture researchers believe that a specific CCM
formulation is mandatory to achieve optimal results with
human cancer cell cultures. This resulted in thousands of pub-
lications in this field which suggest that tumor cell culture is a
rather complicated field of research. However, the majority of
human ovarian carcinoma cultures (both primary cultures and
cell lines) can be easily grown in vitro and to our own experi-
ence, only a handful of basal media as mentioned in
Subheading 2.3 is sufficient to grow most EOC cultures with
considerable success. Depending on the investigations planned,
it may be preferable to use glutathione-free formulations (such
as DMEM) instead of RPMI-1640 or McCoy’s 5A.

2. Phenol red exhibits a weak estrogen-like effect which may
disturb stimulation experiments with sexual steroids or other
hormonal compounds (30— 32). In these instances, the use of
phenol red-free media may be preferable. However, the omis-
sion of the indicator requires a particularly attentive handling
of the cell cultures.

3. Generally, preparation of pure single cell suspensions forseen
tor EOC primary cultures is impossible. Moreover, the pres-
ence of stroma cells may well facilitate the growth of EOC cells
at the beginning of the culture period by enriching the medium
with growth factors and cytokines (so-called feeder effect).

4. Short-time ovarian EOC cell cultures have been investigated
in depth by using both clonogenic and nonclonogenic assays
(including the ATP-based tumor chemosensitivity assay, the
MTT assay, or the fluorescent cytoprint assay). Using short-
time EOC cultures instead of established cell lines may be
advantageous since primary EOC cells are much closer related
to the clinical situation. However, the use of primary cultures
is limited to the exhaustible number of available tumor cells.
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Therefore, the use of permanently growing EOC cell lines is
preferable in studies which require a large number of repeated
experiments.

. After initiation of most primary EOC cultures, cells need up

to 1 week to grow out sufficiently. During this initial phase of
incubation, there is normally no need to exchange the medium
or to subcultivate.

. Generally, EOC cells are not tightly attached to the inner sur-

face of the culture flask. After trypsinization, they can be
resuspended easily by gentle techniques. The use of more vig-
orous resuspension methods (cell scrapers or vigorous shak-
ing) may exhibit deleterious effects to cells by disrupting the
integrity of the cell membranes or leading to a loss of mem-
brane-bound receptors.

. In the past, a lot of slow freezing protocols have been devel-

oped to cryopreserve mammalian cells. Since EOC cells
appear to be rather cryoresistant to our personal experience,
snap-freezing seems to be appropriate in most cases.

. If a 37°C water bath is not available, frozen EOC cells can

also be thawed at body temperature by simply warming the
cryotubes in the fist.

. One of the most important problems in the culture of EOC

cells is the prevention of microbial infections. Strict aseptic
conditions are therefore a must for all methodological steps
of cultivation and storage of EOC cells. Although the
majority of contaminated cultures are destined to be lost,
anti-infectious treatment may be considered in special
instances. Recent publications have shown that even primary
cultures derived from colorectal cancer specimens which
have to be considered as potentially infected can be success-
fully decontaminated by the addition of both amphotericin
B and metronidazole without markedly deteriorating the
proliferative capacity in vitro (30).
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Chapter 16

Establishment and Culture of Leukemia-Lymphoma
Cell Lines

Hans G. Drexler

Abstract

The advent of continuous human leukemia—lymphoma cell lines as a rich resource of abundant, accessible,
and manipulable living cells has contributed significantly to a better understanding of the pathophysiology
of hematopoietic tumors. The first leukemia-lymphoma cell lines were established in 1963 and since then
large numbers of new cell lines have been described. The major advantages of continuous leukemia—
lymphoma cell lines are the unlimited supply and worldwide availability of identical cell material and the
infinite viable storability in liquid nitrogen. These cell lines are characterized generally by monoclonal
origin and differentiation arrest, sustained proliferation in vitro under preservation of most cellular
features, and by specific genetic alterations. Here some of the more promising techniques for establishing
new leukemia-lymphoma cell lines and the basic principles for culturing these cells are described. Several
clinical and cell culture parameters might have some influence on the success rate, e.g., choice of culture
medium and culture conditions, specimen site of the primary cells, and status of the patient at the time
of sample collection.

Key words: Cell lines, Cryopreservation, Culture, Establishment, Immortalization, Leukemia,
Lymphoma, Myeloma

1. Introduction

1.1. Importance The availability of continuous human leukemia-lymphoma (LL)
of Leukemia— cell lines as a rich resource of abundant, accessible, and manipulable
Lymphoma Cell Lines living cells has contributed significantly to a better understanding

of the pathophysiology of hematopoietic tumors (1). The first
malignant hematopoietic cell lines, i.e. Burkitt’s lymphoma-
derived lines, were established in 1963 (2). Since then large
numbers of cell lines have been described, although not all of
them have been characterized in full detail (3). The major
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1.2. Basic Principles of
Leukemia-Lymphoma
Cell Line Establishment

Table 1
Advantages and characteristics
of leukemia-lymphoma cell lines

Unlimited supply of cell material

Worldwide availability of identical cell material

Indefinite storability in liquid nitrogen and recoverability
Monoclonal origin

Differentiation arrest at a discrete maturation stage
Sustained proliferation in culture

Stability of most features in long-term culture

Specific genetic alterations

advantages and common characteristics of these cell lines are
listed in Table 1. The spectrum of malignant hematopoietic cell
lines is not only restricted to the various type of leukemia but also
includes the lymphomas and myelomas. The following refers
generally also to lymphoma- and myeloma-derived cell lines
unless indicated otherwise.

Truly malignant cell lines must be discerned from Epstein-Barr
virus (EBV)-immortalized normal cells, so-called B-lymphoblastoid
cell lines (B-LCL). Some types of malignant cell lines are indeed
EBV*, and some EBV* normal cell lines may carry also genetic
aberrations (1).

LL cell lines are now ubiquitously used and have become
nearly irreplaceable tools in a multitude of research areas within
the various scientific disciplines, e.g., immunology, cytogenetics,
molecular biology, pharmacology, toxicology, virology, just to
name a few. Nevertheless, it should be kept in mind that once
cells are removed from their native environment and grown in cell
culture, they are uncoupled from critical extracellular cues and
may, but mostly not, undergo phenotypic drift. During this process,
transcriptional control mechanisms may change in ways that are
difficult to account for. Therefore, in vitro-derived results must
always be interpreted with caution and confirmed in the context
of the cells’ native environment.

It is very difficult to establish LL cell lines; clearly the majority of
attempts fail. The simple seeding of the malignant cells directly
into suspension cultures is the most commonly used approach in
attempts to establish cell lines. While the success rate for the
establishment of continuous cell lines is overall low, it depends on
the subtype of leukemia or lymphoma and varies strongly between
the different reports in the literature.
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It has been suggested that certain types of malignant
hematopoietic cells that were derived from patients at relapse or
from cases with poor prognostic features have an enhanced
growth potential in vitro in comparison to samples obtained at
presentation or from patients with good prognostic parameters.
Indeed, a review of the literature showed that in aggregate the
success rate for B-cell precursor (BCP)-cell lines established from
patients at diagnosis was 6%, whereas the success rate was 29% for
samples at relapse (4). Furthermore, there seems to be a higher
success rate in cases which have certain primary chromosomal
aberrations or gene mutations, e.g. T-cell lines harboring an
(8;14)(q24;q11) translocation and cell lines carrying alterations
of the P53, PISINK4B, or PI6INK4 genes (3, 5).

It has been reported that a hypoxic environment (e.g. 5% O,)
is more suitable to the culture and establishment of leukemic
T- and BCP-cell lines than the standard incubation in 5-10% CO,
in air (6). According to this method, cells are cultured in wells
with a feeder layer consisting of complete media, human serum,
and agar supplemented with insulin-like growth factor. For the
BCP-cell lines, the monocyte toxin l-leucine methyl ester and
insulin were applied. While the success rate of cell line establishment
was reported to be high, some of these cell lines have extremely
long doubling times (10-14 days), which limit their usefulness.
Furthermore, no other group has so far confirmed the reproduci-
bility of this method.

The reasons for the frequent failure to establish cell lines
remain unclear. The major causes appear to be culture deteriora-
tion with cessation of multiplication of the neoplastic cells and
overgrowth by normal fibroblasts, macrophages, or lymphoblastoid
cells. While the lymphoblastoid cells may give rise to a continuous
cell line (a nonmalignant EBV* B-LCL), human fibroblast and
macrophage cultures are commonly not immortalized.

Despite the fact that the proliferation of malignant hematopoi-
etic cells in vivo seems to be independent of the normal regula-
tory mechanisms, these cells usually fail to proliferate autonomously
in vitro even for short periods of time. In vivo, at least initially,
these cells seem to require one or probably several hematopoietic
growth factors for proliferation. The addition of regulatory pro-
teins, e.g. recombinant hematopoietic growth factors or condi-
tioned medium (CM) secreted by certain tumor cell lines (which
often contains various factors), is a culturing technique that
appears to increase the frequency of success by overcoming the
“crisis” period in which the neoplastic cells cease proliferating
in vitro. These molecules enable the cells from the majority of
patients to multiply for about 2—4 weeks. Out of these short-term
cultures containing surviving cells, continuous cell lines that
are derived from the malignant cells can be established. For cell
line immortalization, malignant cells must acquire a selective



184 Drexler

advantage in the cell culture environment. However, the mechanisms
involved in the establishment of an LL cell line-permissive milieu
are largely unknown.

Taken together, the efficiency of cell line establishment is still
rather low and the deliberate establishment of LL cell lines remains
by and large an unpredictable random process. Clearly, difficulties
in establishing continuous cell lines may be due to the inappropriate
selection of nutrients and growth factors for these cells. Thus,
a suitable microenvironment for hematopoietic cells, either malig-
nant or normal, cannot yet be created in vitro. Hence, this is the
area with the greatest challenge in the culture of LL cells. A sys-
tematic investigation to define the optimal cell numbers, culture
conditions, growth factor combinations and other supplements,
matrix characteristics, and a multitude of different parameters has
not been reported yet. Further work is required to achieve signifi-
cant improvements in the success rates of LL cell line immor-
talization. A breakthrough will, likely, benefit leukemia and
lymphoma research in a myriad of experimental questions. In the
following, some of the most commonly used techniques for esta-
blishing LL cell lines are described.

2. Materials

2.1. Establishment and
Culture of Cell Lines

1. Ficoll-Hypaque solution: density 1.077 g/L; store at 4°C in
the dark.

2. Cell culture medium: all are commercially available; the most
commonly used are RPMI 1640, Iscove’s Modified Dulbecco’s
Medium, o-MEM, or McCoy’s 5A store at 4°C in the dark;
prepare aliquots of complete medium (maximally 100-200 mL)
in a separate sterile glass bottle (to be used only for one given
cell line) which should be kept at room temperature in the
culture laboratory to detect quickly and easily any microbio-
logical contamination.

3. Fetal bovine serum (FBS): inactivate toxic components in the
FBS prior to use in a 56°C waterbath for 45 min; store aliquots
of maximally 50 mL in plastic tubes at -20 to -30°C.

4. Neubauer hematocytometer and Trypan blue solution.

5. Recombinant growth factors: for example, erythropoietin
(EPO), granulocyte-macrophage colony-stimulating factor
(GM-CSF), granulocyte-CSF (G-CSF), interleukin-2 (IL-2),
IL-3, IL-6, stem cell factor (SCF), or thrombopoietin (TPO).

6. Conditioned medium (CM) from tumor cell line cultures: for

example, the human bladder carcinoma cell line 5637 is
known to produce and secrete large quantities of various
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growth factors (7); aliquot the CM in 30 or 50 mL tubes and
store at —20°C; test the 5637 CM in proliferation assays using
an indicator cell line or determine the exact growth factor
concentration with ELISAs.

2.2. Freezing and 1. Dimethylsulfoxide (DMSO).
Storage of Cell Lines 2. Freezing ampoules (plastic cryo vials).
3. Controlled rate freezer.
4. Cryo Freezing Container (Nalgene Cryo 1°C Freezing
Container).
3. Methods

3.1. Establishment
of Cell Lines

3.1.1. Acquisition of Cells
(see Notes 1 and 2)

3.1.2. Isolation of Cells
(see Note 5)

. Collect heparinized or otherwise anticoagulated specimens of

peripheral blood or bone marrow or other samples in sterile
tubes (see Notes 3 and 4). Place lymph nodes and other solid
tissues in sterile containers.

. Specimens should ideally be processed as soon as possible

after receipt, but may be stored overnight at room temperature.
Peripheral blood and bone marrow should remain undiluted,
solid tissues should be placed in culture medium.

. Cryopreserved samples can also be used for attempts to esta-

blish cell lines. But it appears to be of advantage to isolate the
mononuclear cells prior to cryopreservation by Ficoll-Hypaque
density gradient centrifugation (see Subheading 3.1.2).

. Cut solid tissue specimens (e.g. lymph nodes) with scissors

and force the particles through a fine metal mesh. Suspend
the cells in 50-100 mL culture medium (possibly also more
depending on the size of the tissue specimen). The most
commonly used media are listed in Note 6.

. Dilute the blood and bone marrow samples 1:2 with culture

medium. Isolation of cells from a leukapheresis collection
requires dilution of the sample with culture medium at 1:4.

. Pipette the Ficoll-Hypaque density gradient solution (density

1.077 g/L) into a 15 or 30 mL conical centrifuge tube.
Slowly layer the mixture of medium and sample over the
Ficoll-Hypaque solution. Use equal volume of sample
mixture and Ficoll-Hypaque solution (see Note 7).

. Centrifuge for 20-30 min at 450 x g at room temperature (with

the centrifuge brakes turned off). A layer of mononuclear cells
should be visible on top of the Ficoll-Hypaque phase as
they have a lower density than the Ficoll-Hypaque solution.
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3.1.3. Culture Conditions

The anucleated erythrocytes and the polynucleated granulocytes
are concentrated as pellet below the Ficoll-Hypaque layer.

. Using a sterile Pasteur pipette, transfer the interface layer

containing the mononuclear cells to a centrifuge tube.

. Wash the cells by adding culture medium plus 10% FBS (add

about five times the volume of the mononuclear cell solution)
and centrifuge for 5-10 min at 200 x4 at room temperature
(see Note 8).

. Discard the supernatant, resuspend the cell pellet in culture

medium plus 10% FBS and repeat the washing procedure.

. Finally, resuspend the cells in 20 mL of culture medium with

20% FBS. Count the cells and determine their viability (see
Notes 9 and 10).

. Adjust the cell suspension of the original patient cells to a

concentration of 2-5 x 10°/mL in culture medium (see Note 6)
with 20% FBS plus additional 10% conditioned medium (CM)
of cell line 5637 (see Note 11) or with an appropriate con-
centration of purified or recombinant growth factors (see
Note 12). See Note 13, for further additives such as antibiotics
and others.

. Place 5-10 mL of the cell suspension in the complete culture

medium in an 80 cm? plastic culture flask (see Note 14).
If 24-well plates are used, add 1-2 mL cell suspension into
each well. Add 100-200 pL of cell suspension into wells of
96-well flat-bottomed microplates (see Note 15).

. Place the cells in a humidified incubator at 37°C and 5% CO,

in air (see Note 16).

. Expand the cells by exchanging half of the spent culture vol-

ume with culture medium plus 20% FBS plus 10% 5637 CM
(or with appropriate concentrations of recombinant growth
factors) once a week. After a few hours, some cells become
adherent (see Note 17).

. During the first weeks, the neoplastic cells may appear to pro-

liferate actively. If the medium becomes acidic quickly (yellow
in the case of RPMI 1640 medium), change half of the
volume of medium at 2-3 days interval (seldom daily). If the
number of the cells increases rapidly, readjust the cells weekly
to a concentration of at least 1 x10%/mL in fresh complete
medium by dilution or subdivision into new flasks or wells of
the plate. The neoplastic cells from the majority of patients
undergo as many as four doublings in 2 weeks, but after
2-3 weeks most malignant cells cease proliferating. Following
a lag time of 2—4 weeks (crisis period), a small percentage of
cells from the total population may still proliferate actively
and may continue to grow forming a cell line.



3.1.4. Documentation
of Cells
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3.2.1. Freezing of Cells
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6. If the malignant cells continue to proliferate for more than
2 months, there is a high possibility of generating a new cell
line. Then, the task of characterizing the proliferating cells
should be begun as soon as possible (8). Prior to the charac-
terization of the cells, freeze ampoules of the proliferating
cells containing a minimum of 3 x 10° cells /ampoule in liquid
nitrogen to avoid loss of the cells due to occasional contami-
nations or other accidents.

7. Limiting dilution of the cells in 96-well plates leads to the
generation of monoclonal cell lines (see Note 18).

It is absolutely mandatory to freeze aliquots of the original cells
(see Subheading 3.2) and to store them in appropriate locations
for later documentation, authentication, and comparisons. Once
the cultured cells start to proliferate, ampoules should be frozen
at regular intervals during the initial period of the culture expan-
sion. The morphology of the primary cell lines and also later of
the cells from the resulting cell line should be documented on
stained cytospin slide preparation (see Note 19).

Itis generally assumed that cell lines can be cryopreserved at —-196°C
in liquid nitrogen for more than 10 years, if not indefinitely, without
any significant changes in their biological features. The viable cell
lines can be recovered at any time when needed. Prior to freezing in
liquid nitrogen, the cells are suspended traditionally in the appro-
priate medium containing 20% FBS and 10% DMSO which can
lower the freezing point to protect the frozen cells from damage
caused by ice crystals (see Note 20). It appears that no single sus-
pending medium and procedure will be perfect for processing
and cryogenic storage of all cell cultures. However, the proce-
dures described here are suitable for most cell lines and are com-
patible with prolonged preservation of viability and other
characteristics of the cell lines.

1. Harvest the cells of cell lines by transfer of the flask contents
to 30 or 50 mL centrifuge tubes. The cells should be har-
vested in their logarithmic growth phase and when they are at
their best of health (see Note 21). Sufficient numbers of pri-
mary cells should be frozen for later documentation and
authentication (see Subheading 3.1.4); immediately upon
isolation, primary cells can be frozen after thorough washing
steps (see Subheading 3.1.2).

2. Determine the total number of viable cells by counting the
cell density as well as the viability of the cells using the Trypan
blue dye exclusion method (see Note 10).

3. Prepare a sufficient volume of freezing solution that consists
of 70% culture medium, 20% FBS, and 10% DMSO and that
should be cooled on wet ice (see Note 22).
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3.2.2. Cryopreservation
in Liquid Nitrogen

3.3. Thawing,
Expansion,

and Maintenance
of Gell Lines

3.3.1. Thawing of Cell Lines

. Centrifuge the cell suspensions at 200 x 4 for 10 min, discard

the supernatant.

. Adjust the cells to a concentration of 5-10x 10°/mL for cell

lines and 10-50x 10°/mL for primary material using freshly
prepared freezing solution (see Note 23).

. Distribute the cells into freezing ampoules (plastic cryovials)

with 1 mL per ampoule, thus containing at least 5x 10° cells
(see Note 24).

. Using a computer-controlled rate freezer (cryofreezing system)

a cooling rate of 1°C per minute can be achieved, from room
temperature down to —-25°C. When the temperature reaches
-25°C, the cooling rate is increased to 5-10°C per minute.
Upon reaching -100°C, the ampoules can be transferred
quickly to a liquid nitrogen container (see Note 25).

Permanent storage of ampoules with primary cells or cells from cell
lines should be in the liquid phase of the liquid nitrogen. However,
long-term storage is also possible in the vapor phase of the liquid
nitrogen tank. Long-term preservation of cell lines or primary cells

at —

80°C (beyond 1 week) cannot be recommended as the cells

will die under these conditions within months or even weeks.

Commonly, cell lines are stored frozen in liquid nitrogen. Frozen
cells must be thawed carefully to minimize cell loss.

1.

The thawing-out solution consists of 80% culture medium
and 20% FBS of room temperature or 37°C.

. Remove the frozen ampoule from liquid nitrogen, thaw the

cells rapidly in a 37°C waterbath by gently shaking the
ampoule in the water (see Note 26).

. Wipe the ampoule with a tissue pre-wetted with 70% ethanol

before the vial is opened. As soon as the cell suspension is
thawed, transfer the cell suspension into a centrifuge tube.

. Dilute the cell suspension slowly by adding 10-20 mL culture

medium plus 20% FBS to the tube, shake the tube gently (see
Note 27).

. Centrifuge the cells at 200xg for 10 min. Discard the

supernatant.

. Wash the cells again using another 10-20 mL culture medium

plus 20% FBS. During the centrifugation, determine the total
cell number and the percentage of viable cells in the improved
Neubauer hematocytometer with Trypan blue vital staining
(see Note 10).

. Finally, resuspend the washed cells in the desired culture

medium with the recommended FBS concentration at the
optimal cell density.
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After thawing, cells may be resuspended in complete medium at a
general cell concentration of ca. 0.2-1.0x10° cells/mL (see
Note 28). Suspension cell lines may be cultured in flasks or
24-well plates (see Note 29).

1. Incubate the cells in a humidified 37°C incubator with 5%
CO, in air. Loosen the top of the flask slightly to allow for
free gaseous exchange into and out of the flask.

2. Feed the cells by exchanging half of the culture volume with
culture medium plus FBS at 2-3 days intervals (see Note 30).
Remove gently half of the spent medium from the flask
and then add the same volume of new complete medium into
the flask.

3. If the cells proliferate actively, the culture medium will soon
change color due to a pH change caused by cellular meta-
bolism. In this case, it is necessary to change the medium
more frequently. Should the cells have doubled, subdivide
the cells from the original flask into a second flask by diluting the
suspension 1:2 with new medium.

4. When changing the medium, it is important to calculate
the total cell number by determining the density as well as
the viability of the cells using Trypan blue dye exclusion (see
Note 10).

5. A careful documentation of all manipulations, macroscopic and
microscopic observations, intentional and accidental changes
in the cellular conditions, and data on cell density, viability, and
total cell number at different time points is mandatory.

The cell lines can be maintained as long as required (see Note 31).
The cells can be harvested at any time for different uses. If the
cells proliferate more quickly than needed, keep the cell growth at
a slower pace by decreasing the FBS to a lower percentage in the
medium, changing the medium at longer intervals, or discarding
a certain amount of the cells (up to 75%) during the exchange of
medium. There is, however, always the risk that a subclone with a
growth advantage and somewhat different genotypic and/or
phenotypic features than the parental cell line will overgrow the
culture during long-term maintenance. A telltale example is
growth factor-dependent cell lines that during extended culture
(1-2 months) may become completely growth factor-indepen-
dent. Hence, it appears to be best to establish a master and a
working bank of any given cell line with a sufficient number of
frozen back-ups for quick and easy withdrawal so that cultures do
not need to be kept for extended periods of times between experi-
ments. A reasonable time frame for continuous uninterrupted
cultivation of one cell line is in the range of 1-2 months.
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3.4. Further
Considerations

3.4.1. General
Considerations

As after longer usage culture flasks or plates will often contain
a certain amount of unused ingredients of the medium, metabo-
lized molecules and cell detritus, it is recommendable that the
plastic culture vessel be changed once every 1-2 months.

Although in vivo the malignant cells enjoy a selective growth
advantage over normal hematopoietic cells, in vitro LL cells are so
difficult to grow and to maintain that attempts to establish cell
lines meet much more often with failure than with success.
Although currently there is no one single cell culture system
which assures consistent establishment of cell lines, several methods
for immortalizing neoplastic cells have been developed. The tech-
nique of seeding cells in suspension cultures as described in this
chapter is certainly the most often used. Other methods recom-
mended by several researchers have their advantages and might
meet with success in some attempts.

Growth of LL cells in soft agar or methylcellulose offers the
advantage that the colonies formed are well fixed and can be easily
removed from the supporting medium for further culture in other
environments. Thus, a cell line might be established by passaging
single colonies.

Some lymphocytic leukemia cells can be immortalized using
transforming viruses. EBV can promote growth of malignant
B-cell lines from some patients with mature B-cell malignancies.
But the EBV can also transform normal B-lymphocytes. Human
T-cell leukemia virus (HTLV)-I allows the growth of malignant
T-cells by inducing the IL-2 receptor. Considering the fact that
EBV and HTLV can also transform normal cells, it is necessary to
ascertain the malignant origin of the established cell lines by
means of karyotype and molecular genetic analysis (8).

The growth of malignant and normal hematopoietic cells
in vitro and in vivo is the result of complex interactions between
growth factors and their respective receptors. The addition of
some growth factors into the culture medium can support the
proliferation of the neoplastic cells and induce the formation of
cell lines.

A number of completely synthetic media, including several
media designed specifically for unique types of LL cells, have been
used by researchers for establishment and maintenance of cell
lines in suspension cultures. It appears that no single medium is
well suited for the growth of all types of neoplastic hematopoietic
cells. Should one medium fail to support cell growth, it may
become necessary to try another kind of medium.

EBS is the standard supplement in the suspension culture system
of cell lines. It is commonly used in concentrations of 5-20%. Cell
lines that do not require FBS in the culture medium have been
described; however, they appear to be rather rare (3, 9). Prior to
usage, it is recommended that batches of serum be pretested for
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their ability to support vigorous cell growth and for viral (in particular
for bovine viral diarrhea virus), mycoplasmal, and other bacterial
contamination. If possible, a large supply of the FBS from a pretested
batch that supports cell growth well and has no contamination
should be purchased and stored at -20°C for future use.
Alternatives are newborn calf serum (usually at only 25% of the
price of the expensive FBS) or serum-free media. However, not
all cell lines will grow in newborn calf serum as well as in FBS.
Although serum-free media do not provide financial advantages,
they do allow for certain experimental manipulations which are
not possible with FBS as one can control all the substances to
which the cells are exposed. FBS is known to contain many
unidentified ingredients at highly variable concentrations.

A minimal amount of oxygen is essential for the growth of most
types of cells in suspension cultures. The majority of cell lines
grow well when they are incubated in a humidified 37°C incubator
with 5% CO, in air. However, the partial pressure of oxygen (pO,)
in normal body fluids is significantly less than that of air. Studies
have shown that the pO, in human bone marrow is 2-5%. This is
considerably lower than the pO, (15-20%) existing in the typical
cell culture incubator maintained at 5% CO, in air. It has been
reported that growth of cultured cells could be improved by
reducing the percentage of oxygen in the gaseous phase to
between 1 and 10%. Growing LL cells under low oxygen condi-
tions of 6% CO,, 5% O,, and 89% N, may be a useful method for
the establishment of cell lines (6), but is logistically much more
difficult due to the necessity for specialized incubators and a rather
large consumption of N..

In attempts to establish cell lines, overgrowth of fibroblasts and
normal EBV* lymphoblastoid cells is the most common problem.
Should the nutrients in the medium become exhausted too
quickly, the adherent cells should be removed by passaging the
suspension cells into new flasks containing fresh medium. The
overgrowth of EBV* B-lymphocytes can become visible as early as
2 weeks after seeding of the new culture. The EBV* B-cells look
small and have irregular contours with some short villi. They pro-
liferate preferentially in big floating clusters or colonies (10). The
colonies can be picked out with a Pasteur pipette and the EBV
genome should be detected as soon as possible.

It is always necessary to freeze aliquots of the fresh primary
cells in liquid nitrogen before culture. If a cell line should subse-
quently become established, the original cells can be used as a
control for characterization of the established cell line (8). In case
of failure to immortalize a cell line, the frozen primary back-up
cells can be used for further attempts (a number of cell lines have
been established from cryopreserved material).
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Maintenance of cell lines requires careful attention. Every
cell line appears to have its optimal growth environment; para-
meters such as culture medium, cell density, nutrition supplements,
and pH all play a major role. If cell growth becomes suboptimal
or cells inexplicably die during culture, some of the following
problems should be considered: suitability of the culture medium
or the growth supplements for this particular cell line; proper
functioning of the incubator at the appropriate temperature,
humidity, and CO, levels; and selection of the adequate cell den-
sity. Some cell lines clearly grow better in 24-well plates than in
culture flasks.

Contamination with Mycoplasma, other bacteria, fungus, and
viruses and cross-contamination with other “foreign” cells are the
most common problems encountered in the maintenance of cell
lines (11, 12). Therefore, analyses at regular intervals must be
undertaken to ensure a contamination-free environment for cell
growth (Fig. 1). In particular, Mycoplasma contamination should
be examined regularly, e.g., using the polymerase chain reaction.
All solutions and utensils coming into contact with cells must be
sterilized prior to use; sterile techniques and good laboratory
practices must be followed strictly (13). Although antibiotics can
be added to the culture medium to prevent bacterial infection,
they do not usually inhibit virus, fungus, or Mycoplasma intec-
tion. Therefore, antibiotics such as penicillin and streptomycin
are not necessary, if care is taken regarding cell culture techniques
(see Note 13). Because contamination can cause the loss of valu-
able cell lines, it is important to cryopreserve a sufficient amount
of cell material from each cell line. To prevent cellular contamina-
tion and misidentification, it is mandatory to use a separate bottle
of medium for each cell line. Furthermore, cell culturists should
not deal with and feed more than one cell line at the same time.

authentic / myco;ffmahx

\

69%

authentic / myco +

false / myco— false / myco +

Fig. 1. Percentages of false and mycoplasma-contaminated LL cell lines. Shown is an analysis of 598 LL cell lines for
which data on these two parameters are available: parameters “authentic versus false” refer to cross-contamination of
cell lines; parameters “Myco— versus Myco+" refer to the mycoplasma contamination status. Authentic/myco—: 411 cell
lines (69%); authentic/myco+: 108 (18%); false/myco—: 41 (7%); false/myco+: 38 (6%). Updated from ref. 12.
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Table 2
Most important requirements
for a new leukemia cell line

Immortality of cells
Verification of neoplasticity
Authentication of derivation
Scientific significance
Characterization of cells

Availability to scientific community

Generation of a cell line may require 2—-6 months. However, a cell
culture should not be considered a continuous cell line until the
cells have been passaged and expanded for at least half a year, better
1 year. Expansion of most cell lines after thawing takes 2—3 weeks.
Depending on the parameters analyzed, 2—4 months might be
needed for a thorough characterization of the established cell line.

The most important requirements for a new cell line are listed in
Table 2 (8). The cell line must be immortalized, i.e., it should be
able to grow indefinitely. To differentiate clearly between normal
and malignant cell lines, the neoplasticity of the cell line should
be verified, e.g., by the analysis of numerical and structural chro-
mosomal alterations. The derivation from the assumed patient
must be proven by unequivocal authentication procedures, e.g.,
by forensic-type DNA fingerprinting. The scientific significance
of a new cell line can best be documented by its full characterization
to uncover its most relevant features.

Finally, it is of utmost importance that new cell lines are not
only published but also made available to outside investigators.
On one hand, scientific authenticity requires reproducibility. On
the other hand, a cell line is certainly much more useful, if it is
transferred to other colleagues inside and outside the own research
field. The best option is the deposition of a cell line in a public cell
line bank which is able to perform adequate quality and identity
controls, to further characterize the cells, to store sufficiently
large master and working stocks, and to distribute the cells non-
commercially to requesting scientists.

4. Notes

1. The most commonly used specimens are peripheral blood or
bone marrow samples as these are relatively easily obtained
from patients. Other liquid specimens (such as pleural effusion,
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ascites, cerebrospinal fluid, etc.) and solid tissue samples
(lymph node, tonsil, spleen, etc.) are less often used but can
be processed similar to peripheral blood or bone marrow
samples. Solid tissues require a prior step whereby the tissue
is dissociated mechanically. All solutions and utensils must be
sterile. Work in a laminar flow cabinet (class 2 biological safety
cabinet) under sterile conditions is recommended (for specifics
on the biological safety, see Note 2).

. During work with human blood or other tissues including

primary LL cells, established cell lines, and pathogenic and
infectious agents, biosafety practices must be followed rigor-
ously. Some cell lines may be virally infected: for example,
EBV and human herpesvirus-8 (HHV-8) are assigned to bio-
logical safety risk category 2; human T-cell leukemia virus
(HTLV)-1/-11, and human immunodeficiency virus (HIV)
fall into risk category 3. Fresh primary material may contain
hepatitis viruses B or C (both in risk category 3). A standard
code of practice including safety and legal considerations has
been published with the UKCCCR (United Kingdom
Co-Ordinating Committee on Cancer Research) Guidelines
for the Use of Cell Lines in Cancer Research (13).

. A review of 601 new LL cell lines (9) for which sufficient

data were available produced the following statistical find-
ings with regard to the specimen site from where primary
cells had been obtained: peripheral blood, 46%; bone
marrow, 25%; pleural effusion, 13%; ascites, 6%; bulk tumor/
tumor tissue, 5%; lymph node, 3%; cerebrospinal fluid, 1%;
pericardial effusion, 1%; and others (liver, meninges, spleen,
and tonsils), <1%. Only data from well-characterized cell
lines were counted, without sister cell lines or subclones
(applies also for Notes 4 and 6).

. According to a review of 547 new LL cell lines for which data

were available (9), it seems that cells obtained from patients
at later stages of the malignancy are more likely to be immor-
talized than at earlier stages; treatment status of patient when
the sample was taken: at relapse /refractory/terminal, 54%; at
diagnosis /presentation, 34%; at blast crisis/leukemic trans-
formation, 10%; and during therapy, 2%.

. It appears to be of advantage to prepare single-cell suspen-

sions from the patient-derived samples instead of placing the
specimens directly into culture medium. In the case of
peripheral blood or bone marrow, all erythrocytes, granulo-
cytes, and thrombocytes that are end-stage cells without the
possibility to proliferate will die within days and the result-
ing metabolic byproducts may be toxic, hampering any
potential proliferation of the blast cells.
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6.

10.

An analysis of 621 new LL cell lines with available data (9)
showed that the following media were most commonly used
for the establishment of cell lines: RPMI 1640, 72%; Iscove’s
Modified Dulbecco’s Medium, 14%; McCoy’s 5A, 5%;
o-MEM, 4%; and others (Cosmedium, Dulbecco’s MEM,
Eagle’s MEM, Fischer’s, Ham’s F10, Ham’s F12, L-15, Opti-
MEM, SFM-Pro, X-Vivo 10, and YU-KLS), 4%.

. Do not disturb the Ficoll-Hypaque/sample interface. It is

helpful to hold the centrifuge tube at a 45°angle.

. The washing steps are performed to remove the acidic hepa-

rin or other anticoagulants which may harm the cells, to
remove the patient’s serum which may inhibit the cell
growth, and to remove the Ficoll-Hypaque which is hyper-
tonic for the cells. Two washes will generally suffice. FBS
which should have been inactivated prior to use in a 56°C
waterbath for 30—45 min is included to prevent cells from
adhering to one another.

. In general, more than 90% of the mononuclear cells can be

recovered by this procedure. Cell yields depend on the num-
ber of malignant cells in the specimen and are highly variable
from patient to patient. On average, each milliliter of leuke-
mia bone marrow yields 15-30x 10% mononuclear cells and
each milliliter of peripheral blood yields 1-2 x 10 mononu-
clear cells, the latter depending obviously on the white blood
cell count. Several hundred millions of mononuclear cells can
usually be recovered from lymph nodes.

The cell count and cellular viability can be determined by
Trypan blue dye exclusion. Viable cells will not take up the Trypan
blue stain. Make a 1:10 dilution of the cell suspension in
Trypan blue by adding 10 pL of the cell suspension to 90 puL
of the ready-for-use Trypan blue solution in a test tube
and mixing well. Cells should be analyzed immediately as
viable cells may begin to take up the dye also after about
5-10 min. Fill the counting chamber of an improved Neubauer
hematocytometer. The chamber should not be under- or
overfilled. Using a microscope, count the number of blue
stained (nonviable) and unstained (viable) cells in the 1-mm
middle square and the four 1-mm corner squares. Cells touch-
ing the top and left lines of the square (but not those touching
the bottom and right lines) are counted as well. Calculate the
average number of viable and nonviable cells per square
(1 mmx1 mm=1 mm?). The square is 0.1 mm deep, hence
the volume is 0.1 mm?® (=0.1 uL). The number of cells per
mL (cell density) and the total number of cells in the cell sus-
pension and their percentage of viability can be calculated as
follows (1) cell density: average number of cells/1-mm
square x dilution factorx 10,000 = cells/mL; (2) total number
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11.

12.

13.

of cells: cell count/mL x volume of cell suspension; and (3) %
cell viability: total number of viable cellsx 100 divided by
total number of viable + nonviable cells. There should ideally
be about 100 cells per square. Otherwise a lower dilution of
the cell suspension (e.g., 1:2 or 1:5) or a higher dilution (e.g.
1:20) should be used.

5637-conditioned medium: The adherent bladder carcinoma
cell line 5637 is known to produce and secrete large quantities
of various growth factors, including G-CSF, GM-CSF, SCEF,
and others (but not IL-3) (7). CM should be made in large
volumes to guarantee continuity over a period of time, e.g.,
6 months to 1 year. At initiation of culture, seed out at ca.
2x10¢ 5637 cells/80 cm? in 10 mL of complete medium.
Incubate at 37°C in 5% CO, in a humidified atmosphere, with
the flask tops slightly loosened, until the cell monolayer
becomes almost confluent. Replace the medium and grow for
a further 4 days. Collect this medium and store it at 4°C. Add
fresh complete medium to the 5637 culture. Repeat this pro-
cess at 3-5 days interval, pooling the culture supernatants.
After 1-2 weeks, split the confluent 5637 cultures 1:4 to 1:5
using trypsin/EDTA for 5 min and reseed the cells in fresh
flasks. 5637 cells have a doubling time of about 24 h, leading
to a cell harvest of ca. 810 x 106 cells /80 cm? (14). Spin down
the pooled conditioned medium at 200 x g4 for 5-10 min before
filtering through sterile filters of 0.2 um to exclude any con-
taminating nonadherent cells. Aliquot into 30 or 50 mL tubes
and store at —20°C. Test the 5637 CM in proliferation assays
at 5, 10, and 20% v /v, using specific growth factor-dependent
cell lines, e.g., cell line M-07¢ (14), to determine the optimum
volume necessary for maximal stimulation. Alternatively, the
exact growth factor concentrations in the 5637 CM can be
determined with enzyme-linked immunoassays (7).

The most effective growth factors in terms of induction of
proliferation appear to be GM-CSF, IL-3, and SCF which
may be used singly or in combination; a concentration of
10 ng/mL would provide a surplus of growth factors.

Most cell culturists add antibiotics (commonly penicillin—
streptomycin) to their cell cultures, as ready-for-use commer-
cially available 100x solutions. While this does not appear
to be harmful, it is also clearly not necessary, if proper cell
culture techniques (good culturing practices) are used.
L-Glutamine (at 2 nM) and 2-mercaptoethanol (at 5x 10> M)
may also be added, but their possible effects, if any at all, on
the success rate of establishment are questionable. We strongly
discourage the routine addition of antimycoplasmal reagents
as this practice would lead very quickly to the development of
resistant mycoplasma strains (15).
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14.

15.

16.

17.

18.

19.

Most cell lines have been established using the “direct method”
of placing cells into liquid culture in a humidified incubator at
37°C and 5% CO, in air. Alternative approaches are inocula-
tion in semisolid media (methylcellulose and soft agar), initial
heterotransplantation and serial passage in immunodeficient
mice with subsequent adaptation to in vitro culture, or
culture on temporary feeder layer (e.g. on fibroblasts).

There are various types and sizes of plastic culture vessels:
flasks (e.g. 25, 80, 175 ¢cm?) or plates (with 12, 24, or 96
wells). The number of flasks or wells used depends on the
number of the primary cells available. As many of the malig-
nant cells as possible should be used in attempts to establish a
cell line. In theory, a cell line starts from one single cell. Thus,
the more attempts, the higher the chances.

Alternatively (but seldom an option as this requires a special
type of incubator and large quantities of N,), incubate the
cells in a humidified 37°C incubator with 6% CO,, 5% O,,
and 89% N.,.

These adherent cells appear to be the source of colony-stim-
ulating factors for both normal and malignant cells. During
the first 2 weeks, it is not necessary to remove the adherent
cells from the culture unless there is a specific reason to do
so, for example because of the addition of a specific recom-
binant growth factor to the medium to obtain a unique type
of cell line. After 2 weeks, if the suspension cells grow very
rapidly, the adherent cells can be removed simply by trans-
ferring the suspension cells into new culture vessels to reduce
the potential for overgrowth of fibroblasts and normal
lymphoblastoid cells.

After prolonged culture in vitro, the cell line will become any-
way oligoclonal or monoclonal due to the outgrowth of
selected cell clones. In most cases, it is not absolutely necessary
to subclone the cell line by limiting dilution. In some types of
cell lines, e.g. immature T- and BCP-cell lines, it might be very
difficult or virtually impossible to “clone” the cells.

Harvest cells, count and adjust the concentration to
0.5-1.0x10° cells/mL. Spin 50, 70, and 90 uL of cell suspen-
sion onto glass microscope slides in a Shandon cytocentrifuge
at 500 rpm for 5 min and air dry at room temperature over-
night (slides should not be left unstained for longer than
1 week). Select the best preparations under the microscope:
the cells should be neither too packed nor too isolated for an
appropriate morphological examination. Stain with the May-
Griinwald and Giemsa solutions as follows (1) fix for 5 min in
100% methanol; transfer for 5 min to May-Griinwald stain
which has been diluted 1:2 with Weise buffer, and then rinse
with Weise buffer; (2) transfer for 20 min to Giemsa stain
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20.

21.

22.

23.

24.

25.

26.

27.

28.

which has been diluted 1:10 with Weise buffer; (3) finally
rinse thoroughly with Weise buffer. Let the stained prepara-
tions dry overnight. Mount the stained cells with a coverslip
using Entellan and examine the preparation under the
microscope.

Glycerol has been used as an alternative to DMSO, butitis a
bit cumbersome due to its high viscosity.

Freezing and storing the cells will not improve the status and
quality of the cell culture prior to the freezing; at best, the
status quo will be preserved, but most often will be diminished
to various degrees.

It is not necessary to sterilize the DMSO solution as pure
DMSO is lethal to bacteria.

The freezing solution should be added quickly to the cells
and then mixed thoroughly. Long-time exposure to DMSO
at room temperature can trigger significant cellular changes
such as activation and so-called “induction of differentiation.”
Keeping cells in DMSO-containing media on ice could mini-
mize the effect of DMSO on the cells.

Seal the ampoules which have been properly labeled with the
name of the cell line and the date of freezing; keep a written
record. More cells per ampoule can be frozen if needed,
depending on the cell type.

Alternatively, if only a few ampoules are frozen, the sealed
ampoules can be placed in a plastic box with an inset for
ampoules (Nalgene Cryo 1°C Freezing Container); the box is
half-filled with isopropanol and stored in a -80°C freezer for
at least 4 h. With this method, a 1°C per minute cooling rate
can be achieved as well.

It is important that the frozen cell solution be thawed in about
1 min. Rapid warming is necessary so that the frozen cells pass
quickly through the temperature zone between -50 and 0°C
where most cell damage is believed to occur. Slow thawing will
harm the cells by the formation of ice crystals in the cells caus-
ing hypertonicity and breakage of cellular organelles.

Cells frozen with DMSO are usually dehydrated. During the
washing steps with medium, water will diffuse into the cells.
Diluting the suspension slowly is supposed to reduce the loss
of electrolytes, to counteract extreme pH changes, and to
prevent denaturation of cellular proteins.

It appears that most cell lines grow better at higher cell con-
centrations than at lower ones. Some cell lines (e.g., some
BCP-cell lines) prefer a concentration higher than 1.0x 10¢/
mL. Usually, the optimal concentration of a cell line for
expansion must be explored empirically. If after 2-3 days of
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29.

30.

31.

culture, the cells do not grow well (perhaps due to the
presence of many dead cells), it might be useful to concen-
trate the cells and to culture them at a higher cell density. It is
recommended that the cells be resuspended first in medium
containing 20% FBS; should the cells start to multiply and
resume their expected growth activity, the percentage of FBS
can be decreased stepwise.

General recommendations are 5-10 mL suspension into an
80 c¢m? flask or 1-2 mL suspension into each well of'a 24-well
plate. For “difficult” cell lines, it may be advantageous to
suspend some cells in a flask and another aliquot in a 24-well
plate (or even a 96-well microplate). There are distinct diffe-
rences between flask and plate regarding exposure to CO,,
accessibility to microscopic observation, and possibilities of
manipulation.

Before changing the medium, set the flasks upright in the
incubator for at least 30 min to let the cells sink to the bot-
tom of the flask. One of the advantages of plates is the fact
that cells are always concentrated at the bottom of the wells.

There is a fundamental difference between “expansion” and
“maintenance” of a cell line. Some cell lines will deteriorate
over long-time culture under maintenance conditions. In
such cases, it might then be better to freeze and rethaw the

cells when needed.
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Chapter 17

Isolation of Inflammatory Cells from Human Tumours

Marta E. Polak

Abstract

Inflammatory cells are present in many tumours, and understanding their function is of increasing importance,
particularly to studies of tumour immunology. The tumour-infiltrating leukocytes encompass a variety of
cell types, e.g. T lymphocytes, macrophages, dendritic cells, NK cells, and mast cells. Choice of the isola-
tion method greatly depends on the tumour type and the leukocyte subset of interest, but the protocol
usually includes tissue disaggregation and cell enrichment. We recommend density centrifugation for
initial enrichment, followed by specific magnetic bead negative or positive panning with leukocyte and
tumour cell selective antibodies.

Key words: Tumour-infiltrating lymphocytes, Dendritic cells, Antigen-presenting cells, Isolation,
Density gradient

1. Introduction

The presence of tumour-infiltrating inflammatory cells has been
reported in many human tumours, including ovarian, colon, pros-
tate, and lung carcinomas, and skin cancer (1-10). The tumour-
infiltrating leukocytes encompass a variety of cell types, e.g.
T lymphocytes, macrophages, dendritic cells, NK cells, and mast
cells. Infiltration of tumours by inflammatory cells can be associ-
ated both with positive and negative prognosis, and it is of interest
to investigate in detail their biology and function. Choice of the
isolation method greatly depends on the tumour type and the leu-
kocyte subset, but the protocol must include steps for disaggrega-
tion of tumour tissue and for enrichment of cells in interest
population. As tumour-infiltrating lymphocytes create only a small
fraction of tumour mass, we recommend to use the enrichment on
the density gradient as the initial step to fractionate distinctive pop-
ulations and debulk the leukocytes of dead cells and tissue debris.

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_17, © Springer Science+Business Media, LLC 2011
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If high purity of isolated cell population is a priority, this
initial step can be followed by positive or negative separation
(panning) for a particular population of tumour infiltrating leu-
kocytes with magnetic beads. Conjugation of leukocyte receptors
with antibodies can cause cell activation and affect functional
assays. To avoid it, cells can be used directly after the separation
on density gradient, or alternatively the separation on density gra-
dient can be repeated for the enriched cell population only.
Negative panning to deplete the enriched population of selected
cell types is also useful.

The phenotype and function of isolated cells can be subse-
quently tested by a variety of methods, allowing investigation of
their biological role or monitoring of an immunotherapy.

2. Materials

1. Wash medium: RPMI supplemented with 2 mM L-glutamine
and 1% Penicillin/Streptiomycin (Invitrogen, UK).

. Heat-inactivated foetal bovine serum FBS (Invitrogen, UK).
. Heat-inactivated human AB serum (Sigma, UK).

. PBS (Sigma, UK).

. Bovine serum albumin (BSA) (Sigma, UK).

. Collagenase — working solution 1.0 mg/mL (Sigma, UK).

. OptiPrep™ (Axis-Shield, UK).

. Ficoll-Histopaque Lymphoprep (Sigma, UK).

. Scalpel blades.

. Filters, 70-um nylon (BD, Falcon, UK).

. MACS beads (Miltenyi Biotec, UK) (see Note 7).

. MACS buffer: PBS +0.5% BSA, 2 mM EDTA, filtered and
degassed O/N.

. FcR block (Miltenyi Biotec, UK).
. Fungazone (Sigma, UK).

O 0 N O\ Ul W
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3. Methods

3.1. Enzymatic
Disaggregation
of Tumour Tissue

1. Remove the solid tumour specimen from its container into a
culture dish in the safety cabinet. Using a sterile scalpel blade
cut the specimen into fine sections (¥2—1 mm size) and place
them into a universal container with 9 mL of culture medium
with penicillin and streptomycin (see Note 1).



3.2. Separation of
Leukocytes by Density
Gradient

3.2.1. Separation

of Antigen-Presenting Cells
from Mixed Cell Suspension,
Density Barrier 1.065 g/cm?
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2. Add 1 mL of pre-prepared sterile collagenase solution, mix
well, and leave in the incubator at 37°C, 5% CO,, overnight
(see Note 2).

3. The next day, remove the universal container, vortex it, and
replace it in the incubator for 30 min.

4. In the safety cabinet, add an equal volume of cell culture
medium, mix well, and centrifuge at 400 x g for 7 min. After
discarding the supernatant, repeat the wash with fresh 10 mL
of culture medium.

5. In a fresh container, prepare 10 mL of Lymphoprep. Re-
suspend the pellet in 10 mL of culture medium and carefully
overlay it onto lymphoprep. Centrifuge the cells at 600 x g
for 30 min, without using the brake (see Notes 2 and 3).

6. Collect the live cells from the interface and wash twice with
culture medium.

7. Remove the universal containers from the centrifuge and dis-
card the supernatant; re-suspend the tumour pellet in 10 mL
of wash media and then centrifuge again at 400 x4 for 7 min.

8. Re-suspend the cell pellet in 10 mL of culture medium and
count the cells in a haemocytometer.

9. Leave the cells on ice for further preparation (see Note 4).

The principle of the separation is that the differing sizes and densities
of cells extracted from disaggregated tumour tissue allow separation
of cell populations on density gradient. All protocols presented
below use OptiPrep™ as the density gradient medium. OptiPrep™,
a 60% (w/v) solution of iodixanol in water, density=1.32 g/mlL, is
less toxic to cells than the standard Histopaque Ficoll. Cells of mono-
cytic lineage, e.g. dendritic cells, monocytes, and macrophages have
lower density than lymphocytes, and they separate on a 1.065 g/cm?
density layer (11.5% ioxidanol), while the lymphocytes separate on
15% Ioxidanol layer, density=1.085 g/cm?®. Additionally, many
tumour cell types are significantly bigger than leukocytes, which may
enable tumour cell separation in a separate band, the density of
which needs to be established by experiment for each tumour type
studied. The three protocols presented below enable enrichment of
one (Subheading 3.2.1), two (Subheading 3.2.2), and three
(Subheading 3.2.3) distinct populations from mixed cell population
from disaggregated tumour tissue. The volumes of reagents and the
sizes of separating containers should be chosen dependently initially
and expected in the positive fraction cell count (see Notes 2 and 5).

1. Pre-cool 4 vol. of RPMI and 1 vol. of OptiPrep.
2. Mix 1 vol. of RPMI and 1 vol. of OptiPrep (Opti-mix).

3. Gently but thoroughly re-suspend the cell pellet in remaining
3 vol. of RPMI.
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3.2.2. Separation

of Antigen-Presenting Cells
and T lymphocytes

from Tumours

4. Add Opti-mix into cell suspension and mix gently.

[\

11

. Transfer the cell suspension into appropriate separation

container (see Note 5).

. Overlay the cell suspension with 1 vol. of FBS to prevent

aggregation of cells on the fluid—air interface.

. Centrifuge at 600 x g for 20 min, at 4°C it possible, allow the

rotor to decelerate without using the brake (see Note 3).

. Harvest the dendritic cell fraction from the top of the 11.5%

OptiPrep layer (below the FBS).

. Wash the cells twice in culture medium, 400 x4, 7 min.
10.
11.
12.

Count cells in a haemocytometer (see Note 6).
Leave the cells on ice for further preparations.

Further enrichment of antigen-presenting cells from the
low-density fraction using specific antibody bound magnetic
beads might be necessary owing to the contamination with
tumour cells.

. Pre-cool OptiPrep and RPMI (see Note 4).

. Prepare working suspension (WS; 11.5% Ioxidanol) mixing

4.2 vol. of RPMI with 1 vol. of OptiPrep.

. Aliquot equal volumes of the WS into 30-mL universal

containers.

. Gently but thoroughly resuspend the cell pellet in 3 vol. of

pre-cooled RPMI.

. Add 1 vol. of pre-cooled OptiPrep into cell suspension and

mix gently.

. Using Pasteur pipette gently underlay the cell suspension

under aliquoted WS.

. Overlay the prepared gradient with one full Pasteur pipette of

FBS-RPMI.

. Centrifuge at 600 x 4 for 15 min at room temperature.
. Allow the rotor to decelerate without using the brake.
10.

Harvest the Monocytes and DCs from the upper band (over
the WS layer) and T cells from the lower band (below the WS
layer).

. Wash the cells in wash media, at 400 x g for 7 min.
12.
13.

Count cells using a haemocytometer (see Note 6).

Further enrichment of antigen-presenting cells from the
low-density fraction using specific antibody bound magnetic
beads might be necessary owing to the contamination with
tumour cells.



3.2.3. Separation

of Distinct Populations

of Antigen-Presenting Cells,
Lymphocytes, and Tumour
Cells from Squamous Cells
Carcinoma

3.3. Magnetic
Separation of Antigen-
Presenting Gells

12.
13.
14.
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. Pre-cool OptiPrep and RPMI.
. Prepare working suspensions 1 and 2 (WS1: 10% loxidanol,

WS2: 11.5% loxidanol) mixing 5 vol. of RPMI with 1 vol. of
OptiPrep for WS1 and 4.2 vol. of RPMI with 1 vol. of
OptiPrep for WS2.

. Aliquot equal volumes of the WS1 into 30-mL universals.

. Using DPasteur pipette gently wnderiay the WS2 under

aliquoted WS1.

. Gently but thoroughly re-suspend the cell pellet in 3 vol. of

pre-cooled RPMI.

. Add 1 vol. of pre-cooled OptiPrep into cell suspension and

mix gently.

. Using Pasteur pipette gently underlay the cell suspension

under aliquoted WS1 and WS2.

. Overlay the prepared gradient with one full Pasteur pipette

of FBS-RPMI.

. Centrifuge at 600 x4 for 15 min at room temperature.
10.
11.

Allow the rotor to decelerate without using the brake.

Harvest the tumour cells from the lowest density band
(directly under the FBS layer), monocytes and DCs from the
middle band (between the WS1 and WS2 layer), and T cells
from the lowest band (below the WS layer).

Wash the cells in wash media, at 400 x g for 7 min.
Count cells in a haemocytometer (see Note 6).

Further enrichment of separated cells from each band using
specific antibody bound magnetic beads might be necessary
owing to the contamination with tumour cells.

Many subsets of lymphocytes express cluster of differentiation
(CD) antigens specific only to this subsets. Using antigen-specific
magnetic bead conjugated antibodies, it is possible to obtain
more than 98% pure population of cells. The choice of antigen
depends solely on investigator preferences (see Note 7). If the
microbead-conjugated antibody for the antigen of choice does
not exist, it is possible to separate antigen-positive cell using indi-
rect technique in which cells are labeled using antibodies against
the cell of interest and captured using a common anti-immuno-
globulin or protein A conjugated bead.

1.

2.

Count cells, wash in MACS bulffer after any preparations, and
spin at 400 x g for 7 min.

Re-suspend cells in 200 ul. of MACS buffer for each of
2 x 108 cells. For other cell quantities, see Note 7.
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. Add 100 pL of FcR blocking buffer per each 2 x 108 cells.
. Add 100 pL of cell marker-specific antibody of choice.

. Mix thoroughly the cell suspension with a sterile disposable

pipette.

. Incubate in the fridge for 15 min: incubation time and

temperature are critical.

7. Wash cells with 10x volume of staining buffer.

10.
11.

12.

13.

14.

15.

16.

17.
18.

. Equilibrate the MS column with 3x0.5 mL of staining

buffer.

. Re-suspend the pellet in 500 pL of staining buffer per each

108 cells and mix thoroughly to obtain a single cell suspen-
sion. For other cell quantities, see Note 8.

Apply gently the cell suspension onto a pre-wetted column.

Let the cell suspension pass through the column, collecting
the effluent as the negative fraction.

Wash the column three times with 0.5 mL of MACS bufter
and collect the effluent as the negative fraction.

Remove the column from the magnet and place it on a suit-
able collection tube.

Apply 1 mL of staining buffer onto the MS column and flush
the positive cells out of the column firmly with enclosed
plunger.

Count cells in a haemocytometer (see Note 6).
Spin cell suspension down at 400 x g for 7 min.
Re-suspend cells in culture media or any other media required.

The cell population purity can be assessed using flow cytom-
etry or cytospin technique prior to further experiments.

4. Notes

. For specimens which are likely to be contaminated with fungi,

supplement the medium with fungazone.

. The method of disaggregation of tumour tissue can be modi-

fied by the investigator, depending on tumour type, specimen
size, and tissue properties. Some tumours may require enzy-
matic digestion using stronger enzymes, ¢.g. trypsin, and to
limit cell loss during preparation, smaller samples (i.e. biop-
sies) may benefit from avoiding separation on density gradi-
ent, and cell separation using magnetic beads only.

. Centrifuging without using the brake is a prerequisite to

ensure good sample separation.
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4. To ensure maximum cell viability, it is recommended to

perform all the steps at low temperature, i.e. handle the
samples on ice and centrifuge at +4°C in a temperature-
controlled centrifuge if available.

. Since the tumour-infiltrating leukocytes are infrequent, it is

likely that the numbers of purified cells are very low. All the
procedures must be carried out very carefully to avoid cell
loss during the preparation. It is advisable that the volumes of
the containers are carefully chosen depending on the sample
size, as the overloading of the density gradient can affect the
separation and using too big container may render collection
of cells from the interphase very difficult. For an initial cell
count of approximately 5x10°, the volumes are 4 mL of cell
culture medium and 1 mL of Optiprep, and the separation
container is a 15-mL Falcon tube. If the initial cell count is
low, e.g. 5x10° to 2x10° cells, the recommended separation
container is a 5-mL tube, and the volumes need to be
decreased by half. For some very large tumour cells prepara-
tion (cell count between 2 x 107 and more), the separation
can be done in a bigger volume (8 mL of medium and 2 mL
of OptiPrep) of separation mix and in bigger containers, e.g.
30-mL universal container, or in multiple tubes.

. If the initial size of the specimen was small, and the separation

was carried out in a 5-mL tube, perform all counts in small
volumes, e.g. 250 pL.

. The markers most commonly used for myeloid antigen-

presenting cells separation are CD11c for myeloid dendritic
cells, CDla for Langerhans’ cells, CD123 for plasmacytoid
dendritic cells, CD14 for monocytes, and CD68 for mac-
rophages. The general markers for T lymphocytes are CD3,
CD8, and CD4, and for B lymphocytes CD19. For the full list
of available microbead-conjugated antibodies, please refer to
Miltenyi Biotec Web site, http: /www.miltenyibiotec.com.

. For cell numbers less than 2x103, use volumes as given.

For higher cell number, adjust the reagent volumes
proportionally.
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Chapter 18

Isolation of Endothelial Gells from Human Tumors

Elisabeth Naschberger, Vera S. Schellerer, Tilman T. Rau,
Roland S. Croner, and Michael Stiirzl

Abstract

Antiangiogenic drugs have been used successfully for the treatment of colorectal cancer (CRC) and several
other tumor types. Until recently, viable tumor endothelial cells (TEC) and normal endothelial cells of
uninvolved colon tissue (NEC) from the same patient have not been available to optimize treatment
strategies in vitro. Here, we describe a protocol for the isolation of TEC and NEC. These cells were
isolated at a very high purity via magnetic cell sorting of tissue samples obtained from surgical specimens
of patients suffering from CRC. Isolated TEC and NEC expressed CD31, CD105, VE-cadherin, VCAM-1,
ICAM-1, and E-selectin, formed capillaries in basal membrane extract, and were able to take up acetylated
LDL. They were negative for podoplanin, CD45, CD68, and CK-20, indicating blood vessel endothelial
lineage. Expression of vVWF was more pronounced in NEC cultures, whereas vVWF was absent or only
slightly expressed in all TEC cultures in vitro. Lower intracellular concentrations of vVWE were also
detected in TEC as compared to NEC at the tissue level. The latter finding demonstrated that differential
features of TEC and NEC in vivo are stably perpetuated in culture. The isolated endothelial cell cultures
may provide a useful in vitro model system to elucidate epigenetic effects on angiogenesis in cancer and
to optimize antiangiogenic therapy.

Key words: Endothelial cells, Angiogenesis, Colon, Colorectal carcinoma, Tumor, Collagenase II,
MACS, CD31

1. Introduction

The formation of new blood vessels from preexisting vasculature
(angiogenesis) is key to progression and metastasis of solid
tumors (1-4). Without adequate vascular supply, solid tumors do
not grow beyond a size of 1-2 mm. For further progression,
angiogenesis is needed to compensate the lack of nutrients and

oxygen (5).
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Angiogenesis is initiated by proangiogenic factors, such as
vascular endothelial growth factor and basic fibroblast growth
factor, which are released by the tumor cells and activate resting
endothelial cells (EC) to migrate, proliferate, differentiate, and
finally to form new blood vessels (5-7). The rapid proliferation of
tumor endothelial cells (TEC) and the persistent proangiogenic
stimulation lead to the formation of incomplete and irregular
vessels with fenestrations, irregular blood flow, and increased
permeability as compared to normal vasculature (2, 8,9). Evidence
exists that TEC are different from normal endothelial cells (NEC)
as indicated by the expression of specific “tumor endothelial
markers” and cytogenetic abnormalities (10, 11).

Colorectal cancer (CRC) is one of the leading cancers in
Western countries with 500,000 deaths worldwide per year (12).
Almost a third of all patients suffer from metastatic disease at first
diagnosis (13). Nearly 50% of all diagnosed CRC patients will
develop metastasis with mostly fatal prognosis in the following
(13). For more than a century, surgery has played the major role
in curative treatment of CRC. The presently applied treatment of
choice for advanced disease is surgery combined with adjuvant
chemotherapy (12). Of note, a significant response to antiangio-
genic therapy has been observed when patients with advanced
disease are treated with the anti-VEGF antibody bevacizumab in
combination with chemotherapeutics (14). Since this first report,
antiangiogenic strategies are increasingly considered as a
relevant therapeutic option for the therapy of CRC. However,
further improvement of treatment protocols by drug optimiza-
tion and patient selection is required. This demands in vitro
model systems that allow optimization of antiangiogenic treat-
ment strategies in CRC.

Here, we describe a protocol for the isolation of pure, viable EC
from human CRC and healthy colon tissue. These cells may allow
optimization of antiangiogenic therapy. In addition, the comparative
molecular analysis of TEC and NEC may identify further molecular
targets for improved antiangiogenic treatment of CRC (15).

2. Materials

2.1. Tissue Collection

Our group was the first to succeed in the isolation of pure
microvascular endothelial cells from CRC (15). Here, we describe
a detailed protocol of the isolation process.

1. 1x Hank’s Balanced Salt Solution (1x HBSS; PAA, Pasching,
Austria) supplemented with 1x penicillin/streptomycin
(PAA) and 250 pg/mL amphotericin B (PAA).

2. 50 mL Falcon tubes, sterile capped (BD Biosciences, Heidelberg,
Germany).



2.2. Generation
of a Single Cell
Suspension

2.3. Enrichment

of Tumor and Normal
Endothelial Gells

by MACS
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. Collagenase II (Biochrom, Berlin, Germany): dissolve 1 g of

collagenase II in a suitable volume of 1x HBSS without
antibiotics to obtain a final stock solution of 34,200 U/mL;
sterile filtered, aliquoted, and stored at —-20°C.

2. EBM-2-MV (Lonza, Cologne, Germany).

. Bovine skin gelatin, type B 1.5% (Sigma-Aldrich, Munich,

Germany) dissolved in 1x PBS (Biochrom), stirred for 1 h at
65°C, autoclaved, and sterile filtered; storage at 4°C for
6 weeks.

. Scalpel No. 23 (Feather Safety Razor, Osaka, Japan) and

forceps.

. Cell strainer 100 um (BD Biosciences).
. Syringes, 10 mL (BD Biosciences).

. Dynal sample mixer, model MX1 (Invitrogen, Karlsruhe,

Germany).

. 15-mL Falcon tubes (BD Biosciences).

. CD31 MicroBead kit (Miltenyi Biotec, Bergisch Gladbach,

Germany).

2. FcR Blocking Reagent (Miltenyi Biotec).

w

10.
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. MACS buffer: 1x PBS pH 7.2, 0.5% bovine serum albumin,

2 mM EDTA; sterile filtered and stored at 4°C; degas
before use.

. MACS separation columns (Miltenyi Biotec).
. MACS preseparation filter (Miltenyi Biotec).

MACS separation unit (separator and stand, Miltenyi Biotec).

. Accutase (PAA).
. EBM-2-MV (Lonza).
. 1.5% gelatin type B (Sigma) dissolved in 1x PBS (Biochrom),

stirred for 1 h at 65°C, autoclaved, and sterile filtered; storage
at 4°C for 6 weeks.

1x PBS (Biochrom).

3. Methods

3.1. Tissue CGollection

In the following sections, the methodological procedures are
described in detail. Specific tips that may improve the outcome
are described in Subheading 4.

1.

Cut pieces of 0.5 up to 3 g (depending on tumor size) from
the center of the malignancy to be used for the isolation
of tumor endothelial cells (TEC). Morphologically visible
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Fig. 1. Viable tumor tissue can be obtained from the center of malignancy by cutting nonhypoxic, nonnecrotic areas
from colorectal carcinoma. Pieces of up to 3 g were cut from a nonhypoxic, nonnecrotic area from the central part of the
tumor (area of resection marked by circle; invasive margin marked by dashed line; necrotic area shown by arrow). Tissue
for the isolation of normal endothelial cells has been removed at a distance of about 10 cm from the tumor margin
(dashed line). The figure is partly reproduced with permission from Schellerer et al. (15).

3.2. Generation
of a Single Cell
Suspension

hypoxic or necrotic parts of the tumor should be avoided
(Fig. 1). Uncompromised healthy colon tissue is harvested at
a safety distance of at minimum 10 c¢m apart from the tumor
and is used for the isolation of corresponding normal endothe-
lial cells (NEC). Place the resected specimen immediately in a
50 mL falcon tube with ice-cold HBSS (see Note 1).

. From now on, work under a sterile laminar flow for the whole

procedure.

. Wash the specimen by transferring it using sterile forceps

from a 50 mL falcon with fresh ice-cold 1x HBSS to a new
falcon with 1x HBSS four times consecutively.

. Remove the specimen from the falcon tube and place it in a

10-cm cell culture dish. Mince the tissue into approximately
10-mm? pieces using a fresh, sterile scalpel (see Note 2).

. Put the minced tissue into a 15-mL falcon tube filled with

3 mL EBM-2 supplemented with 0.5% FBS (=EBM-2-Low).
Put approx. 0.2 g of tissue in one falcon tube (see Note 3).

. According to the weight of the tissue pieces in each falcon

tube, calculate the required amount of collagenase 1T (50 pl
enzyme per 0.1 g tissue; 17,100 U/g; see Note 4).

. Pipet the calculated amount of collagenase 11 into each falcon

tube and add EBM-2-Low up to a total volume of 5 ml.

. Put the falcon tubes in the Dynal sample mixer at 37°C for

1 hat 5% CO, with the lowest speed available.

. Put a cell strainer on a 50 mL falcon tube and pour the

digested tissue through the strainer. Wash the filter from the
inside and outside using 3 mL EBM-2-Low each time.

. Centrifuge with 500x4 for 5 min at 20°C and discard the

supernatant.



Isolation of Endothelial Cells from Human Tumors 213

8. Resuspend the cell pellet in 5 mL EBM-2-MV and cultivate
the cells until 70-80% confluence in a T-25 cell culture flask
precoated with 1.5% gelatin for at least 2 h. Wash the cells
twice with 1x PBS the next day and add fresh medium.
Afterward renew the medium every second day.

3.3. Enrichment 1. Usually, 5-7 days after initial seeding, the cultures reach
of Tumor and Normal 70-80% confluence and the cells can be positively selected for
Endothelial Cells CD31 by MACS (see Note 5 and Fig. 2). Repeat MACS
by MACS selection until all nonendothelial cells are removed (Fig. 2).

Fig. 2. Tumor endothelial cells can be enriched from a mixture of cells arising after initial cultivation of digested colorectal
carcinoma tissue using CD31-MACS. (a) Tissues were enzymatically digested by Collagenase Il and mechanically dispersed.
The resulting single cell suspension was seeded in gelatin-coated culture flasks. After 5-7 days phenotypically different
cells arose. The scale bar corresponds to 100 um. (b) Endothelial cells isolated from healthy colon and colorectal cancers
were positively selected using CD31-MicroBeads. The yield of endothelial cells was monitored by immunocytochemical
staining of the CD31 surface antigen before and after MACS. Positive staining is visualized by pink color (arrows). Counterstaining
was performed with hematoxylin (blue colon. Scale bar corresponds to 100 um. (¢) Clones of endothelial cells can be
observed arising between nonendothelial cells after some enrichment rounds of the endothelial cells by CD31-MACS (arrows,
endothelial cells; arrowheads, nonendothelial cells). The figure is partly reproduced with permission from Schellerer et al. (15).
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Fig. 3. The isolated tumor and normal endothelial cell cultures show endothelial cell lineage. Pure endothelial cell popula-
tions (>93%) of tumor (TEC) and normal endothelial cells (NEC) were characterized by different assays. For capillary
formation, TEC and NEC were seeded onto an extract of extracellular basement membrane and were stimulated with
angiogenic growth factors. HUVEC were used as a positive control. For the uptake of acetylated low-density lipoprotein
(ac-LDL), TEC and NEC were incubated with Alexa488-labeled acetylated LDL (green fluorescent signal, arrows) for 1 h
and were counterstained by DAPI (blue fluorescent signal). TEC and NEC cultures were incubated with FITC-conjugated
Ulex europaeus-lectin for 1 h and the signal (green, arrow) was visualized using epifluorescence microscopy.
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. Wash the cells with 1x PBS and add 1-2 mL accutase until

cells are completely detached; rinse the dish with EBM-2-MV
and collect the cells in a falcon tube.

. Follow the manufacturer’s instructions for a positive selection

for endothelial cells using the CD31 MicroBead Kit as detailed
below (see Note 6).

. Put a preseparation filter on a 15-mL falcon tube and prewet

it using 0.5 mL EBM-2-MV; from now on, work all the time
on ice and use precooled solutions!

. Centrifuge the cells at 4°C for 3 min with 300 x g and discard

the supernatant.

. Dissolve the pellet in 60 pul MACS-buffer, add 20 uL. FcR

blocking reagent, vortex briefly, and add 20 pL. CD31
MicroBeads (see Note 7); incubation for 15 min at 4°C.

. Add 1 mLL MACS buffer to the cells and centrifuge at 4°C

for 3 min with 300 x g; discard the supernatant.

. During this centrifugation step, fix a suitable column (see

Note 7) in the MACS separator and prewet the column with
0.5 mL MACS bufter.

. Dissolve the pellet after centrifugation in 1 mL. MACS butfer

and pipet 2x 0.5 mL of the cell suspension on the column.
Wash the column with 3x 0.5 mL MACS buffer.

Elute the cells from the first column using the stamp with
1 mLL MACS butffer on a second (prewet before with 0.5 mL
MACS bufter) column.

Wash the column two times with 0.5 mLL. MACS buffer and
once with 0.5 mL EBM-2-MV

Elute the cells using the stamp with 1 mL EBM-2-MV in a
suitable cell culture dish (1-2x10* cells per cm?) precoated
with 1.5% gelatin (see Note 8).

Cultivate the cells until confluence with EBM-2-MV medium
renewal every second day.

In case of significant (>10%) contamination by nonendothelial
cells, perform additional cycles of magnetic cell sorting (see
Note 9). Contamination with nonendothelial cells can be ana-
lyzed by staining an aliquot of the cells for CD31, and subse-
quent immunocytochemical or FACS analysis (Figs. 2b and 3).

Fig. 3. (continued) Counterstaining was performed with DAPI (blue fluorescence). Negative controls of ac-LDL and
U. europaeus binding have been performed with the colorectal carcinoma cell line DLD-1. Immunocytochemical stainig
of TEC and NEC was performed using CD31, CD105 and CK-20 antibodies. Positive staining is visualized by pink colour
(arrows). Counterstaining was performed with hematoxylin (blue colour). For CD31 and CD105 isotype staining controls
are displayed. DLD-1 cells were stained as a positive control for the CK-20 immunostaining. The scale bars correspond
to 100 pum (capillary formation, CD31, CD105), 50 um (CK-20), 10 um (ac-LDL - uptake, U. europaeus). The figure is
partly reproduced with permission from Schellerer et al. (15).
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16.

The first confluent T-25 flask of pure TEC/NEC is designated
as passage 0 (see Notes 10 and 11). One passage is defined by
a split ratio of 1:4.

4. Notes

10.

. The elapsed time from resection of the specimen to the start

of the isolation procedure is critical for the success of isola-
tion. Keep this time as short as possible. In our laboratory,
this does not take more than 30 min.

. Avoid quenching, pressing, or tearing of the specimen while

cutting. This affects the viability of the endothelial cells. Try
to use the scalpel like a rocking tool.

. Weigh the falcon tubes filled with EBM-2-Low before put-

ting the tissue pieces inside and note the weight. Weigh the
falcon tubes again after putting the tissue pieces inside and
calculate the difference in weight.

. The protocol was developed for the digestion of colorectal

carcinoma. If you intend to use tissue from another tumor,
you might have to standardize newly the concentration of the
collagenase to be used to obtain a single cell suspension.

. A MACS separation column with suitable size has to be

selected for the procedure. Therefore, count an aliquot of the
cells, calculate the total cell number, and choose your column
according to the guidelines of Miltenyi Biotec (http: /www.
miltenyibiotec.com).

. A MACS separation unit is chosen according to the size of

the column and the number of columns that you intend to
use simultaneously. Instructions for the selection of a suitable
MACS separator can be found on the home page of Miltenyi
Biotec (http: //www.miltenyibiotec.com).

. Here, the volumes/concentrations are given for a MS separa-

tion column and up to 1x107 cells.

. If you want to make use of the negative cell fraction, keep the

flow-through, centrifuge and cultivate the CD31-negative
cells.

. ACD31 antibody (clone JC70A, Dako, Hamburg, Germany)

in combination with a mouse APAAP detection system
(Dako) is used to evaluate the purity of the cultures by immu-
nocytochemistry in our laboratory (Figs. 2b and 3).

The initially established CD31-positive cell cultures may also
be characterized for additional endothelial cell markers to
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show endothelial cell origin. We used in addition CD105,
vWE, VE-cadherin, ICAM-1, VCAM-1, E-selectin, CD45,
CD68, CK-20, and podoplanin. Moreover, the cells were
analyzed for their ability to form capillary structures, bind
Ulex europaens, and take up acetylated-LDL (Fig. 3) (15).

11. In general, viable tumor or normal endothelial cells can be
obtained from approx. 30% of the specimens undergoing the
isolation and selection procedure.
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Chapter 19

Cellular Chemosensitivity Assays: An Overview

Venil N. Sumantran

Abstract

Data on cell viability have long been obtained from in vitro cytotoxicity assays. Today, there is a focus on
markers of cell death, and the MTT cell survival assay is widely used for measuring cytotoxic potential of
a compound. However, a comprehensive evaluation of cytotoxicity requires additional assays which
measure short and long-term cytotoxicity. Assays which measure the cytostatic effects of compounds are
not less important, particularly for newer anticancer agents. This overview discusses the advantages and
disadvantages of different non-clonogenic assays for measuring short and medium-term cytotoxicity. It
also discusses clonogenic assays, which accurately measure long-term cytostatic effects of drugs and toxic
agents. For certain compounds and cell types, the advent of high throughput, multiparameter, cytotoxic-
ity assays, and gene expression assays have made it possible to predict cytotoxic potency in vivo.

Key words: Cytotoxicity, Non-clonogenic, Clonogenic, High throughput, Microfluidic

1. Introduction

The need for better in vitro methods for measuring and predict-
ing cytotoxicity has never been greater. This is true because toxic-
ity is the main reason for the high rate of failure (40-50%) of
pharmaceutical drugs. Further, combinatorial chemistry, high-
throughput screening (HTS) technologies, and the interest in
natural products have produced huge libraries of new, complex,
and highly diverse chemical compounds which must be screened
for in vitro cytotoxicity. The European Centre for the Validation
of Alternative Methods (ECVAM) suggests that at least 30,000
new chemicals will have to be tested for potential cytotoxicity
within the next 15 years. In this light, the choice of the appropri-
ate in vitro cytotoxicity assay becomes crucial.

Indeed, evidence shows that the degree of cytotoxicity of a
substance can vary, and strongly depends on the assays used to
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estimate it (1). Therefore, this chapter describes and discusses the
advantages and disadvantages of different assays for detecting
cytotoxic and cytostatic effects of compounds. A cytotoxic com-
pound causes a short-term loss of cell viability by triggering cell
death or causing a large decrease in cell survival. In contrast, a
cytostatic compound affects long-term cell survival or cell prolif-
eration without affecting viable cell number in the near term.
There are several types of non-clonogenic assays which measure
acute/short-term cytostatic and cytotoxic eftects. Both types of
non-clonogenic assays are explained in detail below. However,
long-term cytostatic changes (growth inhibition due to cell cycle
arrest), are best measured by clonogenic assays, which are also
discussed below. Finally, we discuss how HTS, cell-based micro-
fluidic devices, and DNA microarrays are revolutionizing the field
of in vitro cytotoxicity testing.

2. Non-clonogenic
Cytotoxicity Assays

2.1. Enzyme Release
Assays

2.1.1. Lactate
Dehydrogenase Release
Assay

The loss of cell membrane integrity due to cell death or mem-
brane damage results in release of certain soluble, cytosolic
enzymes. Therefore, acute cytotoxicity can be measured by mea-
suring activity of these enzymes released into the culture superna-
tant. The level of enzyme activity correlates with the amount of
cell death/membrane damage, and provides an accurate measure
of the cytotoxicity induced by the test substance. These assays do
not provide insight into the mechanism underlying the observed
cytotoxicity.

The Lactate dehydrogenase (LDH) release assay was developed
in the 1980s as a rapid and sensitive assay for assaying cytotoxicity
in immune cells (2). Since the results of LDH release assays com-
pared favorably with those from conventional *!Cr release assays,
the latter is no longer in use (3). Due to the ubiquitous nature of
LDH, this assay is now widely used for measuring acute cytotox-
icity of any chemical in other cell types.

Commercial Kits are available which measure LDH activity by
a coupled two-step reaction. In the first step, LDH catalyzes the
reduction of NAD* to NADH and H* by oxidation of lactate to
pyruvate. In the second step, the diaphorase enzyme uses the
newly-formed NADH and H* to reduce a tetrazolium salt (INT)
to a colored formazan, which absorbs maximally at 490-520 nm.
This two-step reaction increases the sensitivity of the assay.
Adequate controls are required to account for false positives due
to the presence of phenol red and endogenous LDH activity pres-
ent in the serum within the culture medium.



2.1.2. Glucose 6-Phosphate
Dehydrogenase Release
Assay

2.1.3. Glyceraldehyde-3-
Phosphate Dehydrogenase
Release Assay

2.2. Cell Viability
Assays

2.2.1. Trypan Blue
and Alamar Blue Assays

Cellular Chemosensitivity Assays: An Overview 221

An alternative method monitors the release of the cytosolic enzyme
glucose 6-phosphate dehydrogenase (G6PD) from damaged cells
into the surrounding medium (4). This assay is also marketed as a
kit. G6PD activity is assayed by a coupled enzymatic assay, wherein
oxidation of glucose 6-phosphate by G6PD generates NADPH,
which in turn leads to the reduction of resazurin by diaphorase to
yield a fluorescent product-resorfurin. The assay is rapid and can
detect activity originating from around 500 cells. According to the
manufacturers, the GO6PD release assay should give lower back-
ground signals than that observed with LDH release assays,
because levels of GOPD activity in common cell culture sera are
typically lower than levels of LDH activity.

The aCella-TOX kit is based on a new and highly sensitive method
using Coupled Luminescent technology for the detection of cyto-
toxicity. This assay quantitatively measures the release of
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) from
primary cells, cell lines, and bacteria. The release of GAPDH is
coupled to the activity of the enzyme 3-Phosphoglyceric
Phosphokinase (PGK) to produce ATP, which is then detected via
the luciferase—luciferin bioluminescence technology. Thus,
increased levels of ATP correlate with increased GAPDH release
and increased cytotoxicity (5).

This patented method claims much higher sensitivity than the
LDH enzyme release assay, because the coupled luminescent sig-
nal-amplification system yields a strong signal even for small
amounts of GAPDH released. This method has been tested with
many modes of cytolysis, including T cell cytotoxicity, cytolysis
induced by complement (6), pore-forming agents, antibiotic-
mediated lysis of bacteria, and detergent mediated or mechanical
lysis (3). Since the assay is nondestructive, one can also measure
cell viability and even gene expression in the same culture plate.
Extra culture supernatants can also be removed from the original
plate and assayed for kinetic studies.

In addition to enzyme release assays which measure acute
cytotoxicity, there are other non-clonogenic assays which specifi-
cally measure acute effects of compounds on cell viability or cell
survival. Assays in each category are explained below.

Early assays measured decreases in viable cell number, as a direct
measure of cytotoxicity. The Trypan Blue dye was and is com-
monly used as it is excluded by living cells but stains dead cells.
Indeed, cell counting by the Trypan Blue exclusion method, is
still used as a confirmatory test for measuring changes in viable
cell number caused by a drug/toxin (7). A more recent vital
dye based assay for cell viability uses Alamar blue. Alamar blue
contains a redox indicator which exhibits both fluorescence and
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colorimetric changes in the oxidation-reduction range of cellular
metabolism. Thus, growing cells cause a reduction of Alamar
blue, while growth inhibition causes dye oxidation. Since these
redox changes of Alamar blue are stable, one can conduct long
term assays and kinetic studies of drug induced changes on cell
viability. In addition, Alamar blue is easy to use, has low toxicity,
and can be used with suspension/adherent cell cultures (8).

A decrease in total cell protein caused by a compound can also
used as a parameter of cell viability. Sulforhodamine B (SRB) is an
anionic aminoxanthene dye which forms an electrostatic complex
with basic amino acid residues of proteins, and provides a sensi-
tive linear response (9). The color development is rapid and stable
and is measured at absorbances between 560 and 580 nm. The
sensitivity of the SRB assay compares favorably with that of sev-
eral fluorescence assays. This assay is also useful in quantitating
clonogenicity, and is well suited to high-volume, automated drug
screening (10).

Assays measuring a loss in cell viability are insufficient since
decreases in viable cell number/total cell protein can be due to
decreased cell proliferation, decreased cell survival, or increased
cell death. Therefore, the next section describes the major
assays used to quantitate cell survival. These assays are primar-
ily colorimetric methods which measure a single intracellular
end-point.

The neutral red uptake-cytotoxicity assay is a cell survival /viabil-
ity assay based on the ability of viable cells to incorporate the
neutral red (NR) dye. NR is a weak cationic supravital dye that
accumulates within lysosomes of viable cells. Toxic substances
cause decreased uptake of NR which can be quantitated spectro-
photometrically. Cytotoxicity is expressed as a concentration
dependent reduction of the uptake of NR after chemical expo-
sure, and serves as a sensitive indicator of both cell integrity and
growth inhibition (11). Indeed, the neutral red uptake (NRU)
assay proved as sensitive as a mouse whole genome array for esti-
mating the differential cytotoxic potential of three types of ciga-
rettes with varying tar content (12). However, the NRU assay
cannot differentiate between cytotoxic and cytostatic drugs or
compounds.

The NRU assay has been standardized to specifically detect and
measure phototoxic chemicals in Balb/c 3T3 mouse fibroblast
cell cultures. Thus, cells are pretreated with the test chemicals,
and then exposed to the dark/UV-A wavelengths for 50 min.
Subsequently, NR is added to cells for 24 h, and NR uptake is
measured. Cytotoxic chemicals are those which cause reduced
NR uptake in the dark, whereas the phototoxic chemicals decrease
NR uptake only in UV-A exposed cultures (13).
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The NRU assay accurately quantitated and predicted cytotoxicity
caused by cosmetics and shampoos. The results are in agreement
with in vivo data from Draize rabbit eye irritation tests of cos-
metic products, and could finally lead to the termination of such
animal based tests for cytotoxicity testing of these products (14).

The ease, sensitivity, and rapidity with which these cytotoxicity
assays (Enzyme release assays, assays for uptake of vital dyes, and
NR) can be performed have made them popular. For example,
Putnam et al. (15) used eight assays with different endpoints to
evaluate short and long-term cytotoxicity in CHO cells exposed
to cigarette smoke condensate. Assays which measured membrane
integrity (LDH release) were most sensitive for detecting short-
term effects (1 h), whereas the NRU or protein binding assays
were most sensitive for detecting longer-term damage (12-24 h)
(15). The LDH release and the NRU assays can also be used to
evaluate paraptosis, a caspase-independent and non-apoptotic
mechanism of cell death characterized by cell swelling, mitochon-
drial changes, and cytoplasmic vacuolization (16).

A disadvantage of cytotoxicity assays based on altered cell perme-
ability, is that the initial sites of cellular damage caused by most
toxic agents is intracellular. Therefore, cells may be irreversibly
damaged and committed to die, while the plasma membrane is
still intact. Thus, these permeability based assays can underesti-
mate cellular damage when compared to other methods. Despite
this fact, many permeability assays are widely used as accepted
methods for the measurement of cytotoxicity (17).

The MTT assay measures the mitochondrial function and is most
often used to detect loss of cell survival /cell viability due to a
drug or toxin. Other colorimetric assays to measure cell survival
include the XTT and WST-1 assays. However, these metabolic
assays cannot differentiate between cytotoxic and cytostatic drugs
or compounds, and may not be adequately sensitive when work-
ing with low cell numbers (18-20).

Measuring cytotoxicity by quantitation of intracellular concentra-
tions of adenosine triphosphate (ATP) as a measure of cell sur-
vival, has now gained wide acceptance for evaluating medium,
long-term cytotoxic effects of chemicals (48—72 h in vitro). The
assay is based on bioluminescent detection of cellular ATP (21)
and is extremely sensitive, being able to measure ATP levels in a
single adherent or non-adherent mammalian cell. The large
dynamic range and long signal duration are additional advantages
of this assay compared to the MTT assay (20, 22). However, the
ATP quantitation assay is also incapable of differentiating between
cytotoxic and cytostatic drugs, i.e. changes in ATP levels could be
due to changes in cell survival, viable cell number, or cell death.



224 Sumantran

2.4.5. Applications of the
ATP Cell Survival Assay

2.5. Notes on Cell
Survival Assays

2.5.1. Advantages

2.5.2. Disadvantages

2.6. Fluorometric
Assays for Measuring
Cytotoxic and
Cylostatic Effects

The ATP Assay could predict the chemosensitivity of
platinum-resistant epithelial ovarian cancer tumors to a panel of
other drugs with an accuracy of 85% (23). This assay also mea-
sured intrinsic radiosensitivity of cervical cancer cells with results
similar to conventional clonogenic assays (24).

The ease, sensitivity, rapidity, and low cost have made the MTT
method as one of the most widely used assays for measuring acute
cytotoxic effects of compounds. Nowadays, the ATP Cell survival
assay is increasingly being used in high-throughput mode to
compare cytotoxicity of large numbers of drugs on one /more cell
types simultaneously.

There are two disadvantages associated with the use of metabolic
assays such as the MTT, XTT, WST-1, and the ATP cell survival
Assay. Firstly, like the permeability assays mentioned above, these
assays can underestimate cellular damage and cell death because
these methods work best for detecting the later stages of apopto-
sis when the metabolic activity of the cells is severely reduced.
Nevertheless, these assays are useful for quantitating cytotoxicity
in short-term cell cultures (a 24-96 h period) and the ATP assay
overcomes this problem by using a longer (6 day) incubation
period (21). Secondly, cell survival assays are of limited value for
measuring cell-mediated cytotoxicity. This is because most effec-
tor cells become activated upon binding to the target cells. This
activation can result in increased formazan production by the
effector cell, which tends to mask the decreased formazan
production that results from target cell death (25).

The colorimetric MTT-based non-clonogenic assays to measure
cytotoxicity, cell viability, and cell survival discussed above, are
increasingly being replaced by fluorometric assays with higher
sensitivities and dynamic range. In comparison with the MTT and
LDH release assays, a fluorescence-based oxygen uptake assay
proved to be the most sensitive method for detecting changes in
mitochondrial integrity due to known toxicants in several tumor
cell lines (26). Another fluorometric microplate-based assay mea-
sures cytotoxicity based on hydrolysis of a fluorescein diacetate
(FDA) probe by esterases in intact cells. This method has the
advantage of being able to detect cytotoxic and/or cytostatic
effects of different compounds in vitro, and can be used on cell
lines, and fresh tumor cells from patients (27). Altered cell adhe-
sion due to cellular damage can also be a useful parameter for
evaluating short-term cytotoxicity. Indeed, measuring loss of
monolayer adherence by fluorescent methods, proved as sensitive
as assays measuring organelle-specific damage, for investigating
cytotoxic effects of combined photodynamic therapy with che-
motherapeutic drugs in different cell lines (28).
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An important principle is that the most sensitive cytotoxicity assay
for a given agent depends on the cellular site at which it causes
direct damage in the target cell at a given time point. Therefore,
careful selection of the appropriate non-clonogenic, cytotoxicity
assay(s) can provide valuable data on the potency of short-term
effects of a cytotoxic agent. Since each of the various assays listed
above measures a single intracellular end-point, one can perform
multiple assays to allow simultaneous measurements of several
endpoints to estimate cell damage with greater accuracy. This
approach is also logical since a drug/chemical may affect cell size,
morphology, membrane integrity, and/or organelle function.
This trend is reflected in the availability of multiplex assay kits for
high content screening of cells. These kits simultaneously quan-
tify hallmark indicators of cytotoxicity, such as viable cell number,
nuclear size and morphology, cell membrane permeability, lyso-
some number, and /or integrity of the mitochondrial membrane.
Indeed, the measurement of several endpoints in a cytotoxicity
assay is particularly useful while screening mixtures of natural
compounds or drug extracts, because it increases the chance that
potential bioactive /cytotoxic compounds are discovered during
screening. For example, a bioassay for simultaneous measurement
of metabolic activity, membrane integrity, and lysosomal activity
found three fungal secondary metabolites that affected different
intracellular targets (29).

Having described the non-clonogenic assays which measure
cytotoxic and/or cytostatic effects of different compounds
in vitro, we now focus on assays which measure cell death, a com-
mon mechanism underlying the cytotoxicity of large numbers of
drugs, chemicals, and toxins.

Apoptosis is a distinctive, coordinated mode of genetically “pro-
grammed” cell death which is often energy-dependent, and
involves the activation of a group of cysteine proteases called
“caspases”. On the other hand, necrosis is a toxic, energy-inde-
pendent mode of cell death and often involves direct damage to
cell membranes. Since many morphological and biochemical fea-
tures of apoptosis and necrosis can overlap, it is crucial to perform
at least two or more distinct assays to confirm that cell death is
occurring via apoptosis. Ideally, one assay should detect early
apoptotic events (initiation) and the second assay should quanti-
tate a later (execution) event in apoptosis (30).

Detection of caspase activation can be used as an early marker of
apoptosis. This is done by Western Blot or ELISA using poly-
clonal/monoclonal antibodies against both the inactive pro-cas-
pases and active caspases. Measuring caspase activity by its action
on a fluorescent or luciferin labeled substrate is a more definitive
and sensitive method (usually requiring 1x10° cells) (31, 32).
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However, this method does not permit determination of the cell
type undergoing apoptosis. Moreover, the specificity of the assay
can be compromised due to overlapping substrate preferences of
members of the caspase family.

A good method for early detection of apoptosis is monitoring
the externalization of phosphatidylserine residues on the outer
plasma membrane of individual apoptotic cells. This is done by
detection of flourescence-tagged Annexin V (33). The advan-
tages of this method are high sensitivity and the ability to con-
firm the activity of initiator caspases. The disadvantage is that the
membranes of necrotic cells can also be labeled with Annexin V.
However, this problem can be solved by performing a control to
demonstrate the membrane integrity of the Annexin V positive
cells. This control is based on the fact that cells in early stages of
apoptosis retain membrane integrity. Therefore, while both
apoptotic and necrotic cells would be Annexin V positive (phos-
phatidylserine-positive ), only apoptotic cells can exclude nucleic
acid dyes such as propidium iodide or trypan blue, whereas
necrotic cells lacking membrane integrity, will take up these spe-
cific dyes.

When the DNA from a cell homogenate is visualized, apoptotic
cells show the presence of a characteristic “DNA ladder” on aga-
rose gels. This is due to the programmed degradation of nuclear
DNA by endonucleases. This methodology is simple, but requires
large cell numbers (at least 1 x 10° cells). False positives can occur
since necrotic cells also generate DNA fragments, and because
DNA fragmentation can occur during preparation of the cell
homogenate (34).

During apoptosis, endogenous endonucleases cleave double-
stranded DNA at the accessible internucleosomal linker region
and generate nucleosomes. In contrast to linker DNA, the DNA
of nucleosomes is tightly complexed with core histones, and is
thus protected from cleavage by endonucleases. After induction
of apoptosis, the cytoplasm of the apoptotic cell is enriched with
nucleosomes (DNA-histone complexes), because DNA degrada-
tion occurs several hours before plasma membrane breakdown.
Levels of nucleosomes can be quantitated by an ELISA for detec-
tion of the DNA-histone complexes (35).

In this ELISA, the cells are treated with/without the test
compound, lysed, and then centrifuged to separate low molec-
ular weight DNA from high molecular weight (nuclear) DNA.
The low molecular weight DNA containing the nucleosomes
in the supernatant is then quantitated by a “sandwich enzyme
immunoassay” using sequential mouse monoclonal antibodies
directed against species specific histones, followed by an
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antiDNA-antibody conjugated to the peroxidase enzyme. After
removal of unbound antibodies, the amount of peroxidase activity
retained in the immunocomplexes is assayed with an appropriate
substrate (for peroxidase) and levels of the product are quantitated
colorimetrically /photometrically. The levels of peroxidase activity
obtained are directly proportional to the degree of apoptosis
induced by the test compound. The “units” of peroxidase activity
can be converted to equivalent cell numbers using an internal
standard wherein increasing cell numbers are treated with a known
inducer of apoptosis under fixed conditions, and run through the
ELISA.

This method is quite sensitive (10>-10* cells/test required)
and gives quantitative evidence of DNA fragmentation compared
to the qualitative method of visualizing “DNA ladders”. In addi-
tion, this method has the advantage of distinguishing between
apoptosis and necrosis, because the nucleosomes leak out of
necrotic cells — but remain cytosolic in apoptotic cells. Therefore,
one can check for possible necrosis by assaying samples of condi-
tioned media (CM) from cells treated with/without test
compound, prior to cell lysis. If the ELISA detects significant
levels of nucleosomes in these CM samples, it indicates that the
test compound has induced necrosis.

The TUNEL method is also capable of detecting nuclear DNA
fragmentation in apoptotic cells. Here, the endonuclease cleav-
age products are enzymatically end-labelled at the 3’-end with
labeled dUTP, using the enzyme terminal transferase (36). The
labeled dUTP is then detected by light/fluorescence micros-
copy, or flow cytometry. This assay is very sensitive, allowing
quantitation of DNA damage in a single cell to a few hundred
cells by flow cytometry. However, false positives can arise from
necrotic cells and cells in the process of DNA repair and gene
transcription.

Mitochondrial assays allow unequivocal detection of apoptotic
cell death.

Laser scanning confocal microscopy with appropriate fluores-
cent dyes can be used to track mitochondrial permeability tran-
sition (MPT), and the depolarization of the inner mitochondrial
membrane. A more definitive method is based on the collapsed
electrochemical gradient across the mitochondrial outer mem-
branes of apoptotic cells. This phenomenon is detected with a
fluorescent cationic dye which aggregates and accumulates
within viable mitochondria, to emit a specific fluorescence.
However, in apoptotic cells the dye diffuses into the cytoplasm
and emits a fluorescence which differs from that of the aggre-
gated form of the dye (37).
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Cytochrome c¢ release from mitochondria is a confirmatory assay
for apoptotic cell death. Cytochrome ¢ can be assayed using fluo-
rescence and electron microscopy in living or fixed cells (38).
However, cytochrome c is unstable after release into the cyto-
plasm (39). Therefore, a positive control should be used to
ensure that the assay conditions can reliably detect cytosolic
cytochrome c.

Although the non-clonogenic assays for cytotoxicity, cell viabil-
ity, cell survival, and cell death described above, can measure the
potency of a cytotoxic agent, these short-term assays can under-
estimate cytotoxicity in comparison with long-term assays for
cell growth or cloning efficiency. Conversely, non-clonogenic
cytotoxicity assays can sometimes overestimate cytotoxicity by
not accounting for reversible damage or regrowth of cells resis-
tant to the drug/cytotoxic agent. Usage of multiparameter,
non-clonogenic, cytotoxicity assays can reduce these errors, but
cannot eliminate them. For these reasons, it may be advisable to
include clonogenic cell survival assays in studies of in vitro cyto-
toxicity of cell lines when feasible. The clonogenic cell survival
assay (CSA) measures the long-term cytostatic effects of a drug/
cytotoxic agent, by measuring the proliferative ability of a single
cell to form a clone and produce a viable colony. In one early
study, when compared to results from cell-labeling index, dye
exclusion, and metabolic assays, the CSA gave the most reliable,
dose-dependent index of cell lethality (40). These early observa-
tions can be explained by the finding that DNA damage corre-
lated directly with reduced cloning efficiency and was associated
with the appearance of apoptotic markers in certain tumor cell
lines (41).

The clonogenic cell survival assay is still widely used for testing
and predicting cytotoxicity of anticancer drugs (42) although
the proportion of primary tumors of a given type that can be suc-
cessfully tested is limited by the same factors that lead to ineffi-
cient production of cell lines from many tumor types. For
example, this assay helped explain the role of extracellular matrix
proteins such as fibronectin, in tumor cell survival after irradia-
tion (43). Recently, the clonogenic assay proved extremely reli-
able for differentiating degrees of in vitro toxicity of carbon-based
nanoparticles between different tumor cell lines. Furthermore, it
was possible to distinguish between effects on cell viability and
cell proliferation by including colony size as an endpoint in the
assay (44).

A recent study suggests that the clonogenic cell survival
(CSA) assay is the “gold standard” because it measures the sum
of all modes of cell death, and also accounts for delayed growth
arrest (45). Indeed, the CSA is still widely considered the single
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most reliable in vitro cell line assay for measuring potency of a
cytotoxic drug. This observation is supported by gene microar-
ray studies which suggest that a drug’s cytotoxic potency
strongly correlates with its ability to reduce clonogenic poten-
tial. This maybe because a drug’s cytotoxic potency depends on
its ability to inhibit genes regulating cell-survival, the cell cycle,
DNA replication/DNA repair, and oxygen levels (46).
Understandably, many of these same genes would also regulate
a cell’s clonogenic potential, because they control a cell’s
long-term survival and proliferative potential after exposure to a
drug/compound.

The clonogenic cell survival assay does have limitations. Although
it proved as accurate and sensitive as fluorescence based viability
assays (47), the clonogenic cell survival assay lacks the dynamic
range of newer fluorescent methods or the ATP assay (48). The
conventional CSA also cannot measure impact of cell-cell com-
munication on cell proliferation, because cells are plated at low
densities to form colonies. In addition, this assay is not applica-
ble when a substance decreases growth without inhibiting DNA
synthesis and/or cell cycle progression. This assay is also inap-
propriate for testing agents, which inhibit growth solely by caus-
ing cytoskeletal damage (49), or by inducing apoptosis (50).

Initial screens for measuring the cytotoxic eftects of a chemical /
drug usually employ an assay to measure acute loss of cell viabil-
ity or cell survival in cell lines. Thus, the enzyme release assays
(LDH/G6PD,/GAPDH), and cell survival assays (MTT, NRU,
and ATP) are useful for this purpose. If the test chemical /drug
reproducibly decreases cell viability /survival, one can determine
whether the compound induces cell death by performing spe-
cific assays for early and late apoptosis (as explained above). If
the test compound does not alter the rate of cell survival /cell
death, it is cytostatic rather than cytotoxic. One can then check
if the chemical /drug decreases long-term cell proliferation by
using the clonogenic cell survival assay. Results of the clono-
genic assay can be confirmed by uptake of bromodeoxyuridine
(BRDU) or radiolabelled-Thymidine, to quantitate cell prolif-
eration. If data from these assays suggest that the test chemical /
drug induces growth arrest, then fluorescence-activated cell
sorting (FACS) analysis of cells with labeled DNA can be done
to determine which phase of the cell cycle is arrested by the test
compound.

Since a chemical can have both cytotoxic and cytostatic
effects, it may be useful to run multiple non-clonogenic assays to
measure short-term (acute) cytotoxicity, and the clonogenic cell
survival assay to detect possible long-term/reversible growth
arrest in the target cells exposed to the test compound.



230 Sumantran

2.14. High-Throughput
Cytotoxicity Assays

2.14.1. Cell-Based
Microfluidic Devices

2.14.2. Applications
of Microfiuidic Devices
in Cytotoxicity Testing

Non-clonogenic cytotoxicity assays with single and multiple
endpoints are now routinely done in high-throughput format for
rapid screening of drug toxicity. This section discusses how HTS
has revolutionized toxicity testing (51).

A common single parameter used in HTS of compounds, is
the ATD cell viability assay. Besides measuring kinetics of toxicity
caused by different agents, this assay could also detect species or
cell type specific cytotoxicity (52). According to this study, the
ATP assay can give data with qualitative and quantitative signifi-
cance comparable to that obtained from animal studies it conducted
in multiple cell lines with a dynamic dose range. Multiparameter,
high throughput assays provide additional high quality and quan-
tity of cytotoxicity data. The parameters most often measured in
HTS multiplex cytotoxicity studies include viable cell number,
nuclear, and mitochondrial changes. Thus, a HTS study measur-
ing multiple intracellular end points for in vitro cytotoxicity across
the therapeutic range of drug concentrations in HepG2 cells,
could predict the human hepatotoxic potential of some of these
drugs. Mutiparameter HTS also been used to reevaluate toxicity
of drugs which lacked promise in conventional assays (53).
Validated in vitro three-dimensional (3D) cell cultures of other
human cell types (such as corneal, gingival, oral, and skin epithe-
lium), are available and can provide valuable cytotoxicity data in
high-throughput format.

The major technological advances in HTS involve the advent of
microfluidic devices which have been developed for conducting
analytical or biochemical processes on a very small scale. These
microscale perfusion devices (also known as “lab-on-a-chip,”)
consist of microscope slide/credit card-sized units containing
chambers interconnected by channels. Fluid flow through the
chips is controlled by a micropump. The cell-based microfluidic
devices are also described as “cell chips,” “cell biochips,” or
“micro-bioreactors.” These devices are the new tools for rapid
screening for drug toxicity. A device may contain one cell type in
one/more chambers, or different cell types in different chambers.
Primary animal or human cells, or cell lines which grow in an
adherent or non-adherent manner, can be used in microfluidic
devices. Newer devices also permit cells to be cultured in 3D,
stratified, multilayered, or aggregated cultures. Thus far, assay
detection methods for cell-based high-throughput assays primar-
ily involve electrochemical and optical detection methods (54).

Microscale perfusion devices have also been developed for mea-
suring cytotoxicity in specific cell types. The first studies focused
on hepatocytes. Thus, Sivaraman et al. (55) developed a microp-
erfused system of 3D rat liver cells and demonstrated that this
system retained functions similar to the in vivo tissue. In another
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study, drugs and their active metabolites were screened in
miniaturized 3D arrays of hepatocytes, in order to determine the
1C (50) values for nine compounds and their secondary metabo-
lites (56). More recently, cell-based microfluidic devices have
been developed for other cell types. Thus, a renal microchip was
developed using the MDCK kidney cell line as an in vitro model
for chronic toxicity testing of chemicals (57). Primary human
keratinocytes (skin cells) have been used for cytotoxicity testing in
a microfluidic device (58). Stem cells have also been used in per-
fused micro-bioreactors for toxicity testing. Thus Cui et al. (59)
observed significant differences in the toxicity responses of human
bone marrow cells cultured in 2-dimensional (2D) versus 3D for-
mats and concluded that their 3D micro-bioreactor platform was
“an efficient and standardized alternative testing method” for
toxicity testing. Yang et al. (54) also concluded that 3D cell cul-
tures are essential for obtaining cytotoxicity data which is compa-
rable to the in vivo response.

Microfluidic bioreactors are being further modified in order
to yield cytotoxicity data which is physiologically relevant. Thus,
micro-bioreactors with miniaturized cultures and sensor technol-
ogies, permit real-time monitoring of cell viability and function
with noninvasive detection methods (54). Importantly, such
micro-bioreactors with continuous perfusion can be used to study
chronic toxicity in long-term cultures. The next step is analysis of
systemic toxicity by investigating interactions between different
cell types. For example, Viravaidya et al. (60) developed mono-
layer cultures of liver and lung cell lines in separate chambers,
connected by a common perfused fluid. This was done in order to
attempt to replicate the toxic effects of a chemical on the human
lung. In the experiment, liver cells were exposed to the chemical
and the media containing the chemical and/or its metabolites,
were transported by fluid flow to the lung cells wherein their toxic
effect was assessed. In 2004, a novel in vitro system called the
integrated discrete multiple organ cell culture (IdIMOC) system,
was developed to measure the comparative cytotoxicity of tamox-
ifen towards normal human cells (from five major organs) versus
MCE-7 adenocarcinoma breast cancer cells (61). Similar devices
using cell types from other organs can be set up to create an
in vitro ADMET (absorption, distribution, metabolism, excre-
tion /toxicity) assay system (60).

In summary, multiparameter, high-throughput, microfluidic
devices using 3D human cell cultures exposed to therapeutically
relevant concentrations of a drug, can provide highly reliable
in vitro estimates of a drug’s potency/cytotoxicity in humans.
The advantages of the unique cell environment provided by
microfluidic devices include the small volume of liquid within
the system which more closely replicates the in vivo extracellular
volume, the proximity of different types of cells, the continuous
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perfusion of media, and the controlled delivery and recirculation
of reagents. However, the problems of cell shear stress, bubble
formation, incompatibility with samples dissolved in organic
solvents, and inter-assay reproducibility need to be addressed
before these devices can be widely used for toxicity testing (62).
Thus, these high-throughput methods also face challenges for
assay validation and acceptance, similar to earlier cell based meth-
ods, and may not replace the use of animal based tests required by
the regulatory authorities. Nevertheless, the improved predic-
tions on drug potency and in vitro cytotoxicity data from studies
using high-throughput microfluidic devices can be used to design
better animal studies and /or studies which use fewer animals.

In recent years, DNA microarrays have been used to evaluate
expression of genes regulating drug metabolism and toxicity
(63). Notably, oligonucleotide microarrays with up to 25,000
genes have examined the induction of genes regulating absorp-
tion, distribution, metabolism, and excretion (ADME) in tissue
necropsies from animal models (64). With respect to expression
of drug metabolizing enzymes, the dynamic range and sensitivity
of DNA microarrays is comparable to northern blotting analysis
and variability of the data is less than the inter-animal variability
(65). The use of gene expression microarrays for assessment of
the potency of cytotoxic drugs has already been explained (see
Subheading 2.11.1). Gene expression microarrays have also been
applied to measure differential cytotoxicity of closely related
drugs. For e.g., a DNA microarray of 60 genes, could distinguish
between the patterns of gene expression of two classes of retin-
oid synergists with different effects on apoptosis of HL60 cells.
This in vitro data can be used to develop more effective and less
toxic retinoids, which must then be confirmed in the appropriate
in vivo models (66). More recently, it has been possible to show
that primary cell cytotoxicity is predictable from the expression
of genes involved in known resistance /sensitivity pathways, mea-
sured by polymerase chain reaction (PCR) arrays (67).

3. Gonclusion

In conclusion, all of the assays described have their own advantages
and disadvantages. If drug cytotoxicity is assayed with multiple
parameters (e.g. nuclear damage, mitochondrial potential), then
these data can give more valuable information on the mechanism
of cell damage caused by the drug and its cytotoxic potency. New
technologies are emerging, particularly in vitro HTS and cell-
based microfluidic devices. Microfluidic devices are providing
data, which more closely approximate the in vivo cytotoxic
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potency of a test compound and helps to narrow the gap between
in vitro and in vivo data on drug toxicity. Finally, for a more
comprehensive analysis of cytotoxicity, the data on cytotoxic
potency of a compound (from non-clonogenic and the clono-
genic cell survival assays in appropriate target cells), can be
correlated with gene expression data to obtain information on
genes regulating crucial genes in signaling pathways regulating
cell survival, cell proliferation, drug bioavailability (i.e. ADME),
and drug sensitivity /resistance.
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Chapter 20

Cell Sensitivity Assays: The MTT Assay

Johan van Meerloo, Gertjan J.L. Kaspers, and Jacqueline Cloos

Abstract

The MTT (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide) assay is based on the
conversion of MTT into formazan crystals by living cells, which determines mitochondrial activity. Since
for most cell populations the total mitochondrial activity is related to the number of viable cells, this assay
is broadly used to measure the in vitro cytotoxic effects of drugs on cell lines or primary patient cells.
In this chapter the protocol of the assay is described including important considerations relevant for each
step of the assay as well as its limitations and possible applications.

Key words: MTT, 3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide, Viability assay,
1C, , LC, , Drug sensitivity assay, Cytotoxicity assay
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1. Introduction

The general purpose of the MTT (3-[4,5-dimethylthiazol-2-y1]-2,5
diphenyl tetrazolium bromide) assay is to measure viable cells in
relatively high throughput (96-well plates) without the need for
elaborate cell counting. Therefore the most common use is to
determine cytotoxicity of several drugs at different concentra-
tions. The principle of the MTT assay is that for most viable cells
mitochondrial activity is constant and thereby an increase or
decrease in the number of viable cells is linearly related to mito-
chondrial activity. The mitochondrial activity of the cells is
reflected by the conversion of the tetrazolium salt MTT into
formazan crystals, which can be solubilised for homogenous
measurement. Thus, any increase or decrease in viable cell
number can be detected by measuring formazan concentration
reflected in optical density (OD) using a plate reader at 540 and
720 nm. For drug sensitivity measurements the OD values of

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_20, © Springer Science+Business Media, LLC 2011
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wells with cells incubated with drugs are compared to the OD
of wells with cells not exposed to drugs.

The MTT assay is suitable for the measurement of drug
sensitivity in established cell lines as well as primary cells. For
dividing cells (usually cell lines) the decrease in cell number
reflects cell growth inhibition and the drug sensitivity is then
usually specified as the concentration of the drug that is required
to achieve 50% growth inhibition as compared to the growth
of the untreated control (50% inhibitory concentration, IC, ).
For primary (nondividing) cells, drug sensitivity is measured as
enhanced cell kill of treated cells as compared to the loss of
cells already commonly seen in untreated cells (50% lethal con-
centration, LC, ). For some cell types such as fresh acute myeloid
leukemia (AML) cells the control median cell survival is 100%,
which is no problem as long as results for treated cells are
compared to the controls.

For primary pediatric acute lymphoblastic leukemia (ALL)
cells, the in vitro MTT assay has been extensively applied to
predict drug sensitivity in vivo. In these studies, a relatively good
correlation was observed between in vitro sensitivity and clinical
outcome (1—4). Despite these and other positive results, the MTT
assay is not commonly used as predictive test for the clinic, but
rather as an in vitro tool to determine potential antitumor activity
of new drugs and/or combinations of drugs (5). In addition,
the MTT assay is a suitable tool to study resistance to drugs (6, 7)
(see Table 1 for applications).

In order to set up the MTT assay for cells and /or drugs that
have not been tested before, several considerations are of crucial
importance and will be discussed in this chapter.

Table 1

Possible applications for MTT assay

Application References

Study of cross-resistance between related and (2, 3,5-7)
unrelated drugs

Measuring drug sensitivity ex vivo to predict clinical (1-4,7,8)
outcome

Sensitivity testing of new drugs (4-6)

Drug screening on cell lines and /or patient samples (3-5,7,8)

Testing drug combinations on cell lines and /or patient (1,2)

material
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2. Materials

2.1. Gells and Controls

2.2. Solutions
and Solvents

2.2.1. MTT Solution

2.2.2. Acidified Isopropanol

2.3. Equipment

Class 2B biocabinet suitable for drug experiments. Incubator
with 5% CO, at 37°C. Microplates — 96 well (Greiner Bio-one,
Alphen a/d Rijn, The Netherlands). For suspension cells, we use
round bottom wells or flat bottom wells, while for attached
cells only flat bottoms can be used (see Subheading 3.1 for the
different loading volume per plate) (see Note 1).

Dissolve 500 mg MTT powder (Sigma, St. Louis, USA) in
10 mL PBS. Stir with a magnetic stirrer for approximately 1 h
in the dark. Filter sterilize the solution with a 0.22 um filter
(Millipore, Carrigtwohill, Ireland) and store in 10-mL aliquots
at -20°C.

Warning: MTT is toxic and harmful. MTT is light sensitive,
hence protect from light.

To dissolve the formazan crystals, different solutions can be used
such as methanol, ethanol, and DMSQO. Our lab has the best
experience with acidified isopropanol. To make this solution, add
50 mL 2 M HCl to 2.5 L isopropanol. Store the solution at least
a month at room temperature before use. When the isopropanol
is not acidified correctly the suspension will become cloudy.

1. Plateshaker (IKA schuttler MST4, Janke & Kunkerel, Staufen,
Germany).

2. Pipettes 0.001-1 mL, single channel and 0.01-0.3, multi-
channel.

3. Class 2B hood.
4. Benchtop centrifuge.

5. Microplate reader (Anthos-Elisa-reader 2001, Labtec,
Heerhugowaard, The Netherlands).

6. O, incubator.

3. Methods

3.1. Plate Setup

Generally cells are plated in triplicates to minimize the variability
of the results. The volume of cells depends on the type of plate
used. For round bottom and flat bottom plates, 80 uL and 120 L.
are used, respectively. Each plate should contain control wells
(without drugs) and blank wells (without cells). For some drugs
that also show absorbance at the given wavelenghts, an additional
control is required of wells with medium (without cells) including
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3.2. Drug Incubation

3.3. Culture Period

3.4. MTT Incubation

3.5. Dissolution
of Formazan Crystals

the range of drug used. The number of plates needed depends on
the specific experiment. A common MTT assay experiment
requires a testing plate for the OD of the drug, a testing plate to
determine the growth curve for the starting amount of cells
seeded per well, and a broad dilution range to determine the dilu-
tion range for the experiments. However, for a standardized drug
sensitivity assay of patient material, a single plate often suffices.
For cell lines, it is recommended to include a day O plate in order
to accurately determine the extent of growth (in the course of the
experiment for the control cells). The outer wells are not used
for the experiment due to evaporation and are filled with phos-
phate buffered saline (PBS) to keep the evaporation of the plate
to the minimum, some drugs can also have influence on neigh-
bouring wells; this has to be investigated before starting the
experiment (see Note 2).

There are two methods of drug exposure (1); if the drug is
unstable or cannot be stored in medium at —-20°C, the plates have
to be prepared fresh by making the drug dilution stocks and
adding the total amount of drugs in 20 pL for round bottom
plates and 30 pL of drug solution to flat bottom wells to each
well just before adding the cells. This renders the total volume of
cell and drug suspension to 100 uL for round bottom and 150 pL
tor flat bottom 96-well plates. (2) For testing a stable drug, plates
can be prepared with the 30 uL drug concentrations and can be
stored in -20°C for later use. When the cells are added to the
wells containing the drug suspension, this will mix the drugs
through the cells (see Note 2).

For primary leukemic cells, the plates are incubated for 4 days to
determine the optimal effect for most standard drugs. For cell lines,
the plates have to be incubated during log phase, which is usually
7296 h in an incubator with 5% CO, at 37°C (see Note 1).

After the appropriate incubation time, add 1:10 volume of MTT
solution (5 mg/mL); e.g. 10 uL for round bottom and 15 pL for
flat bottom 96-well plates. Unused MTT can be frozen and
reused. Shake plates for 5 min on a plateshaker by slowly increas-
ing the shaking speed to a maximum of 900 shakes/min. Then
incubate the plate for another 4-6 h at 37°C in a CO, incubator,
depending on the cell type.

150 pL of acidified isopropanol is added to each well and
resuspended until all crystals have been dissolved. Mix each well
thoroughly using a multichannel pipette. Between each row,
rinse tips of multichannel pipette with isopropanol and discard
the used isopropanol. Blow out tips thoroughly before mixing
the next rows. Start with the control wells, before mixing the
rows with drugs.



3.6. 0D Measurement

3.7. Example Results
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The OD is measured at 540 and 720 nm in order to get a more
exact measurement by correcting for background noise. The
720 nm OD background will be subtracted from the 540 nm OD
total signal. The measured data are copied into an excel sheet and
with the use of the following formula, the percentage of living
cells can be determined: The average OD of the blank control
wells (without cells and if the drug has no specific OD without
drug as well) is subtracted from the average OD of the control
wells (cells but no drugs) and the wells containing the drugs.
Some drugs may interfere with the OD measurement and then the
average OD of the wells containing drugs, but without cells is
subtracted from the average OD of the control wells. The leukemic
cell survival is calculated by: (OD treated well [-blank])/(mean OD
control well [-blank])x100. The LC, (the drug concentration
which results in 50% leukemic cell survival) can be calculated. For
more reliable results the experiment should be done in triplicate
and in duplicate in case of primary cells and when a range of drug
concentrations is being tested.

After adding acidified isopropanol and dissolving the formazan
crystals thoroughly the plate has to rest for 10 min before
measuring. In Fig. 1, a plate is shown after dissolving the
formazan crystals with acidified isopropanol showing the blank
culture medium wells, untreated cell control wells, and three
drugs for which the cells are either sensitive (C), intermediate
sensitive (E), and resistant (D) in these dose ranges. To be able

Blanks Controls Cytostatics

Fig. 1. A 96-well plate after formazan crystals are dissolved in acidified isopropanol.
(@) Blanks control wells, (b) untreated cell control wells, (¢) cell line with drug C with a
dose—response curve from 100% cell death to no response on cell growth, (d) cell line
with drug D with a dose—response curve showing no growth inhibition, (e) cell line with
drug E with a dose—response curve with dose-dependent modest growth inhibition at
high drug concentrations. Outer wells are not used because of possible evaporation.



242 van Meerloo, Kaspers, and Cloos

100 - —_—Ah ]
90
80
70

——e— Drug C
Drug E
—A— Drug D

60
50

40
30 -
20 -

% of growth relative to control

10 4

0 T T T T T g 1
0.0012 0.0025 0.005 0.01 0.02 0.04
Drug concentrations

-10 -

Fig. 2. Dose-response curve of cell lines C, D, and E. (C) cell line with drug C with a
dose—response curve from control growth without drugs (set at 100%) to complete cell
kill at the highest drug concentrations, (D) cell line with drug D with a dose-response
curve showing no growth inhibition, (E) cell line with drug E with a dose—response curve
showing dose-dependent modest growth inhibition (IC; is not reached).

to determine IC_ values of drugs D and E, different dose ranges
are required.

When measured in a plate reader, these measurements can
then be used to determine the IC, for cell lines and LC,, for
patient material. The results can be plotted into a graph as shown
in Fig. 2. The wells containing untreated cells are set as 100% and
the dose—response curves of the three different drugs are depicted.
It is clearly shown in the picture that for drugs D and E, the IC,

is not reached.

4. Notes

1. The cell concentration that is plated may vary for different
cell lines and primary cells. For leukemic cell lines, we use
concentrations in the range of 3.0—4.0x 103 /well, while primary
AML cells are plated in 0.08-0.12x10° cells/well and
primary ALL cells in 0.16 x 10¢ cells /well. For cells that have
not been used before in this assay, several cell concentration
experiments have to be done before starting the drug experi-
ments as recommended below.

2. Cells are plated in duplicate or triplicate, and in each plate,
4-6 control wells are included that contain the same amount
of cells as the experimental wells and which will not be
exposed to drugs. Additional 4-6 wells are needed for
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measuring the blanks, which contain the culture medium
only. Some drugs can have an OD value of their own that can
influence the measurement when diluted, and therefore a
dilution of the drugs has to be measured without the adding
cells. If there is a high difference in OD between the different
drug dilutions, extra drug dilution control wells have to be
added to the plate setup. The absorbance value for the blanks
should be between 0.001 and 0.1 OD units as measured on a
Microplate reader using filters for 540 and 720 nm. In addi-
tion, the absorbance range for untreated cells should typically
be between 0.75 and 1.25 OD units (see Notes 3 and 4).

. To determine whether cells are suitable for use in the MTT
assay, several parameters need to be verified:

(a) Linearity of viable cell number with OD level. To deter-
mine this, several cell concentrations are plated and
related to OD values. For cell types where the mitochon-
drial activity of cells is not constant, the MTT assay can-
not be used in to measure the influence of the drugs.

(b) Cell concentrations. The optimal cell concentration to be
plated is dependent on the basic level of mitochondrial
activity and the rate of proliferation. In order to establish
this, several concentrations of cells should be plated in,
for instance, seven plates, and measured daily to deter-
mine the growth curve of the cell line to prevent over-
growth, which will influence the experiment. The starting
OD value of day 0 should not exceed 0.125. By con-
structing a growth curve, the logarithmic cell phase is
determined at which the cells duplicate. At a certain time
point the cell growth will plateau due to exhaustion of
the medium, contact inhibition, and exceeding of the
maximal OD value that can accurately be measured. The
most optimal concentration of plating is when cells have
almost no lag phase and the assay should not proceed
after the log phase.

(c) Cell culture. Cells should be cultured for a relevant time
period to be able to demonstrate the effect of the drug.
For cell lines this should only be during the log phase,
while for primary cells the MTT assay has to be completed
before all untreated cells are dead. Only for cell lines, a day
0 plate is used to precisely measure the activity of the
starting cell dilution at day 0 without the drugs’ effects.
Moreover, when using primary leukemic cells, in this
assay, the blast count at day 4 should be >70% leukemic
cells; this will be a blast count of >80-90% for ALL (7, 8)
and >70-75% for AML at day 0. Samples can be purified
with immunomagnetic beads directed against contaminat-
ing nonmalignant cells (8).
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4. Drug incubations.

(a)

Control medinm. In order to account for possible influences
of the dissolvent of the drugs on the background OD, the
control medium should contain the concentrations of dis-
solvent of drugs.

Stability of the drugs. To determine if cytostatic drugs
have to be added fresh or if the drugs can be stored in
plates at -20°C, drugs should be added into the 96-well
plates and stored at —20°C in advance of the experiments.
Possible differences in the dose-response curves will
imply whether the plates with drugs can be stored or that
the drugs need to be added fresh at the day of plating.

Drug combinations of drug A+drug B can be measured
in several ways of which two are the most common (1)
One fixed concentration of drug A can be used (usually
in a concentration between the IC, and IC, ) in combi-
nation with a dose range of drug B. (2) Mix both drugs
at IC, as highest dose and then make a dose-response
curve by diluting this mixture further to obtain a
combined dose-response curve. Synergism or antago-
nism can then be investigated, for instance, by the use
of “calcusyn” software (Biosoft, Cambridge, UK) which
can deal with both methods.

Reproducibility is important for an accurate measure-
ment and so the use of at least a duplicate row setup of
each drug, and if possible a triplicate row setup is pre-
ferred within each plate. For cell lines we always perform
the assay in triplicate while for primary material this is
commonly not possible.

Plate set-up. It is our experience that some drugs can
affect surrounding cells possibly by aerosols; therefore,
the wells with drugs have to be separated by PBS to make
sure that the drugs will not affect the adjacent wells. The
plate set-up also needs to include 4-6 control wells with
the used culture medium, which are used to measure the
background of culture medium.
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Chapter 21

Cell Sensitivity Assays: The ATP-based Tumor
Chemosensitivity Assay

Sharon Glaysher and lan A. Cree

Abstract

The ATP-based tumor chemosensitivity assay (ATP-TCA) is a standardised system which can be adapted
to a variety of uses with both cell lines and primary cell cultures. It has a strong track record in drug devel-
opment, mechanistic studies of chemoresistance and as an aid to clinical decision-making. The method
starts with the extraction of cells in suspension from continuous cell culture (for cell lines), malignant
effusions or biopsy material. Enzymatic digestion is used to obtain cells from tumor tissue. The assay uses
a serum-free medium and polypropylene plates to prevent the growth of non-neoplastic cells over a 6-day
incubation period followed by detergent-based extraction of cellular ATP for measurement by luciferin—
luciferase assay in a luminometer. The assay results are usually shown as percentage inhibition at each
concentration tested, and can be used with suitable software to examine synergy between different
anticancer agents.

Key words: ATP, Combination, Cell line, Chemosensitivity, Chemoresistance, Primary cell culture,
Selective medium

1. Introduction

Many types of tumor cell survival assays have been developed for
assessing the sensitivity or resistance to drug treatment. Nearly all
use the same basic method involving tumor cell isolation, drug
exposure and assessment of cell survival. Their differences lie in
sample processing and in the techniques used to measure the
assay endpoint, as reviewed in Chapter 19 of this volume.

The ATP-based tumor chemosensitivity assay (ATP-TCA)
was developed in the early 1990s (1, 2) as an answer to the prob-
lems encountered with other assay types, which lacked sensitivity
and were insufficiently reproducible for potential clinical use.
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It encompasses two advances and has been standardised (2).
Firstly, the endpoint is highly reproducible and very sensitive — ATP
measured by recombinant luciferase and luciferin is able to
measure the presence of single cells, and its concentration is linear
with cell number up to 10® cells, though there are choices to be
made whether sensitivity or dynamic range are the most important
issues when designing the reagent. Secondly, in kit-form the
assay uses a serum-free medium which was formulated so that it
does not support the growth of lymphoid cells, which
are commonly present in large numbers in tumor tissue (2).
The use of an adherence-free culture method in polypropylene
microplates with this serum-free medium inhibits the growth
of fibroblasts and other non-neoplastic cells which require this.
Over the course of the 6-day incubation period, non-neoplastic
cells die off, but they are there long enough to condition the
medium, and this seems to be important in maintaining the phe-
notype of the neoplastic cells, including their chemosensitivity.
The assay shows inter- and intra-plate variation of less than 15%
in expert hands. The assay has been used extensively by a number
of groups, mainly in Germany and the UK, with primary cell
cultures to study the chemosensitivity of human tumors and
shows good correlation with clinical outcome in a number of
tumor types — notably breast (3) and ovarian cancers (2, 4-6),
and melanoma (7).

The ATP based tumor chemosensitivity assay (ATP-TCA)
has proved to be a useful tool for cell based research and drug
development work (8), leading to the development of several
novel chemotherapy combinations with clinical utility, notably
mitoxantrone + paclitaxel (9), treosulfan+gemcitabine (10-13)
and liposomal doxorubicin with vinorelbine (14). Although in
theory, cell survival assays like the ATP-TCA are not obviously
suited to look at cytostatic effects, they do seem to be useful. The
ATP-TCA has been used to study the effects of targeted agents
such as gefitinib (15) and imatinib (16), as well as inhibitors of
drug resistance (17). Latterly, it has proven useful for the devel-
opment of novel drugs with uncertain mechanisms of action, such
as the N-bisphosphonates (18).

The ATP-TCA can be used with both cell lines (in which
case, the medium and type of plate can be varied) as well as human
tumor-derived cells in primary cell culture. The comparison of
results from the two can be interesting — cell lines rarely show
similar chemosensitivity to primary cell cultures unless they are
re-adapted to a serum-free and adherence-free existence (19).

Use of the ATP-TCA data to study mechanisms of resis-
tance and sensitivity has advantages over clinical data in that
drugs can be tested alone or in combination that would never
be used clinically. By harvesting cells before and after assay,
or from medium only and drug-treated wells, it is possible to
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show strong correlation between expression of genes involved
in chemoresistance and in re-growth after short-term culture
(20). Comparison of these observations with those from
tumor biopsies taken before and after treatment show good
correlation (21). In fact, we have now shown that the profile
of expression of genes involved in sensitivity or resistance to
particular cytotoxic agents is predictive of chemosensitivity in the
ATP-TCA (22).

In those tumor types where neoadjuvant therapy and scree-
ning has yet to diminish average tumor size to a point at which
few tumor cells are available for such studies, the ATP-TCA can
also function as an aid for oncologists in determining drug
sensitivity of tumors from individual patients. However, the
practicalities of providing such a service are difficult to overcome
and cellular chemosensitivity assays are probably best regarded as
useful research tools with both cell lines and tumor-derived cells
in primary cell culture.

2. Materials

2.1. Cell Culture

2.2. Bioluminescence

1. ATP-TCA kit (DCS Innovative Diagnostik-Systeme GmbH,
Hamburg, Germany) or alternative using a serum free based
DMEM (Sigma, UK) media supplemented with antibiotics.

2. Polypropylene round bottom 96-well cell culture plates
individually wrapped sterile with lid(Thermo Fisher).

3. 50 mL reservoirs sterile (Fisher).

4. Pipettes (ranging between 10-100 pl) Multichannel pipette
(12 channel) (Finnpipette: Fisher, UK, Ovation: Vistalab
Technologies, US).

1. Tumor cell extraction reagent (TCER) this needs to match
luciferin—luciferase reagent and will either be included in the
chemosensitivity assay kit or available from the same company
to which your luciferin—luciferase is sourced.

2. ATP standard-stock solution stored at -20°C make up
standard fresh each time.

3. Luminometer or CCD camera imaging device capable of
reading multiwell plates (e.g. Berthold Detection Systems,
Pforzheim, Germany — Orion 1/2 or MPL1 /2 ranges).

4. Luciferin-Luciferase Reagent (Included in kit from DCS
Innovative Diagnostik-Systeme, Promega -CellTiter-Glo®
Luminescent Cell Viability Assay, or other commercially
available alternatives).

5. White opaque 96-well flat bottom plates (Thermo Fisher).
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3. Methods
3.1. Cell Culture 1. Make up drug combinations at 800% the test dose concentra-
Microplate Preparation tion (TDC) in complete assay medium (CAM) or alternative

(see Note 1).

2. Label 96-microwell polypropylene plates (see Note 2) with
maximum inhibitor (MI), media only (MO) and relevant
drug names (Fig. 1).
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Fig. 1. Preparation of ATP—TCA plates before addition of cells. (a) Polypropylene 96-well round bottom plate sterile, with lid.
(b) Shows the positioning of the reagents and design for labelling. (¢) Add CAM to rows B—H Columns 1-12. (d) Add drugs
to Row B in triplicate. (e) Perform dilution series from rows B—G mixing between each dilution. (f) Add Ml to row A.
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. Pipette 9 mL of complete assay media (CAM) into a plastic

reservoir (see Note 3). Using a multi-channel pipette, add
100 pL of CAM into each well except the row of MI wells
(wells BI-H12).

. Add 100 pL of MI solution to the MI row of wells (wells

Al-Al2) (see Note 4).

. Pipette 100 uL of the appropriate drug into the appropriate

200% TDC wells in the microplate. Using a multichannel
pipette, mix the contents of wells BI-B12, then perform a
100 pL serial dilution down the plate until you reach wells
G1-G12 (6.25% TDC wells) mixing contents in each well as
you go. Upon reaching 6.25% TDC wells, extract 100 uL. and
discard. Note that nothing has been added to the MO well
(see Note 5).

. Using a multi-channel pipette, add 100 uL of the tumor cell

suspension to all 96-wells on the plate (see Note 6). Cells should
be resuspended in CAM to a concentration of 200,000 cells/
mL for solid tumor samples, 100,000 cells/mL for ascites
samples or between 10,000-50,000 cells/mL for cell lines
(depending on cell doubling time).

. The plate is then placed into a cleaned plastic box containing

dampened tissue. The lid must not be closed, allowing free
exchange of gases while the dampened tissue keeps the
humidity high in this little microenvironment preventing
media evaporation (see Note 7).

. Place in an incubator at 37°C 5% CO, for 6 days before

reading the plate (see Note 8).

. Switch on luminometer at least 30 min prior to use (see

Note 9).

. Remove luciferin—luciferase (Lu-Lu) reagent and dilution

buffer from fridge and allow this to reach room temperature
(see Note 10).

. Switch on computer and start the luminometer program

(e.g. Simplicity 2.1). Select the 96-well raw data plate format
and highlight the 9 wells that will contain the ATP. This
means the luminometer will read only these wells and not all
96-wells.

. Label one bijou “ATP” and cover with silver foil and a second

bijou with “dilution buffer”.

. Pipette 4 mL and 1 mL of dilution buffer into the “ATP” and

“dilution butfer” bijous respectively.

. Pipette 50 uL of dilution buffer from its corresponding bijou

into 9 wells of one row of a 96-well white polystyrene
microplate (see Note 11).
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3.3. Preparation

of Gell Extract and ATP
Measurement by
Luciferin-Luciferase

10.

11.

12.

13.
14.

15.

. Remove one ATP stock aliquot (concentration) from the

freezer and cover in foil. Leave to defrost; this will take
roughly 2 min. Do not defrost by holding in your hand
as this can adversely affect the activity of the ATP (see
Note 12).

. Pipette 10 uL of ATP from the stock aliquot into the “ATP”

labelled bijou. Replace lid and invert to mix.

. Pipette 25 uL from the “ATP” bijou into the first well of the

white plate containing the dilution buffer.

Mix and perform a serial dilution with 25 pL before discard-
ing the final 25 pL from well 9 (see Note 13).

Add 50 pL Lu-Lu to each of the 9 wells taking care not to
touch the wells containing ATP and contaminating the Lu-Lu
reagent.

Tap plate gently on work surface to settle the reagents and
place into the luminometer.

Start the program to commence reading (see Note 14).

Save data generated, this may be automatically transferred to
an excel worksheet where it can be saved (see Note 15).

Reset the luminometer program ready to read experimental
plates.

. Always start by carrying out an ATP standard curve (see

Subheading 3.2).

. Remove the plates to be read from the incubator and observe

wells under an inverted microscope, making note of any
irregular wells.

. Using a multi-channel pipette add 50 pl of tumor cell extrac-

tion reagent (TCER) to each well. Leave for 10-15 min.

. Take a white polypropylene 96-well plate and label it appro-

priately. Using a multi-channel pipette, mix and transfer
50 uL from each well of the cell plate to into an appropriate
well in the white plate. The pipette tips should be changed
after every drug triplicate (i.e. every three wells).

. Using a multi-channel pipette add 50 uL of luciferin—luciferase

to each well of the white plate (see Note 16).

. Tap plate gently on work surface to settle the reagents and

place into the luminometer.

7. Start the program to commence reading.

. Once reading is completed, Label data with experiment details

and produce graphs of inhibition versus concentration tested
(Fig. 2) (see Notes 17 and 18).

. Reset the luminometer program ready for the next plate.
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Plate A
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Fig. 2. An example result for one plate from a patient with recurrent ovarian cancer,
using cells harvested from ascites. While the combination of mitoxantrone and paclitaxel
shows the greatest degree of inhibition, there is relatively little sensitivity to paclitaxel.
Toptecan shows the least activity in this example.

4. Notes

1. Care should be taken when storing drugs: (23) store these as
directed by manufacturer. Small aliquots should be made
where possible to prevent repeated freeze/thaw from those
drugs stored below 0°C. This also prevents cross contamina-
tion of drugs, which can be very costly. Make 800% TDC
stock concentrations in 2-5 mL of CAM or DMEM based
media according to the kit insert or previously published
data (23). TDCs are derived for each drug tested from
pharmacokinetic data. In most cases, tumor concentrations
achieved are not available and TDCs must be estimated from
plasma concentrations, making due allowance for differences
in protein binding of drugs with assay media compared with
plasma. Assay media should be supportive for the cell type
used (e.g. lymphoma cells with RPMI 1640 (Sigma), rather
than a glutamine-free medium). To enhance the buffering
capacity of the media, HEPES can be added if not already
present.

2. Ensure that only polypropylene round bottom plates are
used. The polypropylene surface promotes adherence-free
growth preventing attachment of cells forcing them to form
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spheroids mimicking a more natural cellular environment.
When using tumor derived cells this also helps in the preven-
tion of fibroblast colonisation. The use of polypropylene is
also important to prevent adsorption of drugs which can
occur with other plastics (24, 25). Positioning of the MI and
MO controls within the plate is also important. When using
drugs which may form aerosols this format helps limit cross-
talk between wells preventing cellular inhibition from a 200%
TDC well inhibiting a medium only well. This is also true for
when reading plates: luminescent well cross-talk is limited
when this plate design is followed. Ensure when labelling
plates that both the lid and plate are labelled with sample
details, plate number and date of setup. This will ensure that
you will never lose track of multiple plates when lids are
removed for assay preparation.

. If preparing multiple plates pipette 9 mL of CAM per plate

into the reservoir.

. When preparing multiple plates use a multichannel pipette

and reservoir when pipetting MI to prevent errors and to
shorten assay preparation time.

. When pipetting drugs into the corresponding 200% TDC

wells in the assay plate make sure to change the pipette tip
after each triplicate to prevent contamination between
wells. When performing the serial dilution, be extra vigilant
to prevent pipetting into the media only row.

. When adding the cells to the plates mix the cells thoroughly

in the reservoir prior to pipetting. When using tumor derived
cells take extra care to mix the cells in the reservoir again
after each three transfers to prevent sedimentation of cells in
small aggregates. When pipetting cells remember to check
the pipette tips to make sure cell aggregates haven’t blocked
the end of the tips and caused inaccurate volumes to be
dispensed. It is also important not to touch the contents
of the well with your tips when dispensing cells to prevent
cross-contamination with drugs.

. To prevent infection from unknown organisms in the local

water supply make sure the tissue (thick paper towel) placed
in the plate box is moistened with deionised or sterile water.

. During the 6 day incubation period plates should be checked

regularly for infection and cell overgrowth. The phenol red
within the CAM will change from a pink colouration to
yellow if either of these instances occurs. Using an inverted
microscope, wells can be viewed individually to assess whether
the colour chance is due to the depletion of nutrients by cells
or by a bacterial or yeast infection.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

At least once a month the luminometer machine’s calibration
should be assessed using the instrument’s luminescence test
plate. This alongside the ATP Standard curve confirms the
luminometer machine and the luciferin-luciferase reagent are
performing at optimal conditions.

Depending on the standard room temperatures of your labo-
ratory equilibration of the luciferin—luciferase reagents could
take up to 30 min. and so this should be removed from the
fridge at the same time the luminometer is switched on. Make
sure that this is kept out of direct light: it may be wise to wrap
the container in foil. DO NOT be tempted to help the
luciferin—luciferase reagent to warm: it is extremely tempera-
ture sensitive.

Standard curve white microplates can be re-used on separate
occasions using different rows each time (8 rows) preventing
excess plastic waste.

Keeping ATP covered while not in use will reduce its degra-
dation from light.

The dilution series should include between five and ten
dilutions within a range to incorporate expected ATP levels in
your experiments.

Make sure that your luminometer is set to read at 1 s
intervals.

Check the data to ensure that the luciferin—luciferase reagent
is still active. This is important to check if reagents are stored
for longer periods of time.

Make note of any wells that appear to be infected or over-
grown as this may help in analysis when anomalous results
can be rectified by the elimination of these wells.

Do not mix the luciferin-luciferase reagent and cell lysate
mixture by pipetting. This can create bubbles that interfere
with luminescence readings as well as cross contamination
of wells.

Save data indicating sample name, plate number (if more than
one) and date. Highlight any of those wells where infection
or overgrowth may have occurred. Label data with drug
names from corresponding plate making note of the order in
which the drugs were used. This is important for identifica-
tion as when returning to results at a later period of time
which is without this basic information can render the data
meaningless. Interpretation of data requires knowledge of
the drugs used and their likely effects in the ATP-TCA: do
not be tempted to provide data for clinical use unless you
have considerable experience and appropriate training.
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Chapter 22

Differential Staining Cytotoxicity Assay: A Review

Larry M. Weisenthal

Abstract

Differential Staining Cytotoxicity (DiSC) assay is the prototype for a closely related family of assays based
on the concept of total cell kill, or, in other words, cell death occurring in the entire population of tumor
cells. It is probably the most versatile of the cell-death end points, in that it (1) can be applied to both
solid and hematologic neoplasms, (2) can be applied to specimens in which it is not possible to obtain a
pure population of highly enriched tumor cells, and (3) can be applied to a wide variety of drugs, ranging
from traditional cytotoxic agents to biological response modifiers with activity mediated through tumor-
infiltrating effector cells, to “targeted” kinase inhibitors, and to antivascular agents, such as bevacizumab
and pazopanib. The basic principles of the assay are to culture three-dimensional fresh tumor cell clusters
in anchorage-independent conditions. At the conclusion of the culture period, Fast Green dye is added
to the microwells, the contents of which are then sedimented onto permanent Cytospin centrifuge slides
and then counterstained with hematoxylin—eosin or Wright-Giemsa. “Living” cells stain with the cyto-
logic stain in question and can be identified as either normal or neoplastic, based on standard morpho-
logic criteria. “Dead” cells stain blue-green. Nonviable endothelial cells appear as strikingly hyperchromatic,
blue-black, and often refractile objects, which may be readily distinguished from other types of dead cells.
This assay has been biologically and clinically validated in a number of ways, as described in this
chapter.

Key words: DiSC assay, Staining, Cytotoxicity, Leukemia, Lymphoma, Carcinoma, Chemosensitivity

1. Introduction

Differential Staining Cytotoxicity Assay (DiSC) is the prototype
for a closely related family of assays based on the concept of total
cell kill, or, in other words, cell death occurring in the entire pop-
ulation of tumor cells (as opposed to only in a small fraction of
the tumor cells, such as the proliferating fraction or clonogenic
fraction) (1-6). It is probably the most versatile of the cell-death
end points, in that it (1) can be applied to both solid and hema-
tologic neoplasms (2), can be applied to specimens in which it is
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not possible to obtain a pure population of highly enriched tumor
cells, and (3) can be applied to a wide variety of drugs, ranging
from traditional cytotoxic agents to biological response modifiers
with activity mediated through tumor-infiltrating effector cells, to
“targeted” kinase inhibitors, and to antivascular agents, such as
bevacizumab and pazopanib.

The basic technology concepts for cell-death assays are
straightforward. A fresh specimen is obtained from a viable neo-
plasm. The specimen is most often a surgical specimen from a
viable solid tumor. Less often, it is a malignant effusion, bone
marrow, or peripheral blood specimen containing “tumor” cells
(a word used to describe cells from either a solid or hematologic
neoplasm). These cells are isolated and then cultured in the con-
tinuous presence or absence of drugs, most often for 3-7 days. At
the end of the culture period, a measurement is made of cell injury,
which correlates directly with cell death. While there is evidence
that the majority of available anticancer drugs may work through
a mechanism of causing sufficient damage to trigger so-called pro-
grammed cell death, or apoptosis (7-10), the DiSC assay and
related cell-death end points are capable of detecting cell death
mediated through both apoptotic and nonapoptotic mechanisms.

Although there are methods for specifically measuring apopto-
sis, per se, there are practical difficulties in applying these methods
to mixed (and clumpy) populations of tumor cells and normal cells.
One problem is that the peak times for a given apoptotic signal may
be different between different specimens and different drugs. Thus,
more general measurements of cell death have been applied, after a
sufficiently long period of time has passed to allow for drug-induced
cell death to occur. What is being measured is not a specific death
signal, but rather the loss of a cell viability signal. These include (a)
delayed loss of cell membrane integrity (which has been found to
be a useful surrogate for apoptosis), as measured by differential
staining in the DiSC assay method, which allows selective drug
effects against tumor cells to be recognized in a mixed population
of tumor and normal cells (11, 12), (b) loss of mitochondrial Krebs
cycle activity, as measured in the MTT assay (13), (¢) loss of cellular
ATP, as measured in the ATP assay (14-16), and (d) loss of cell
membrane esterase activity and cell membrane integrity, as mea-
sured by the fluorescein diacetate assay (17-19).

It is very important to realize that all of the above four end
points can and do, in most cases, produce valid and reliable mea-
surements of cell death, which correlate very well with each other
on direct comparisons of the different methods (13, 18-28). We
have performed direct correlations between the DiSC and MTT
assays in approximately 6,500 fresh human tumor specimens, test-
ing an average of 15 drugs per specimen at two different concentra-
tions. Thus, we have approximately 180,000 direct comparisons
between DiSC (membrane integrity) and MTT (mitochondrial
Krebs cycle activity) end points in fresh human tumor specimens.
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The overall correlation coefficient between these end points in
specimens containing >60% tumor cells is 0.85 (These data do not
include assays on 5FU, which, for biological reasons, may be some-
what more accurately tested in the MTT assay than in the DiSC
assay. These data also do not include assays for paclitaxel and doc-
etaxel, which, for different biological reasons, are better tested in
the DiSC assay than in the MTT assay).

The above studies, demonstrating the comparability of results
with the multiple different cell death end points, are important
for the following reason. For perfectly understandable reasons,
clinical studies correlating assay results with clinical outcome are
very difficult to perform. The literature in this field may be char-
acterized as including a great many small studies, but not very
large studies. Additionally, different investigators have favored
different cell-death end points, depending on the laboratory and
clinical situation.

For example, the DiSC assay is labor-intensive and requires
expertise in recognizing and counting tumor cells using a micro-
scope, but it may be applied to specimens containing a heteroge-
neous mixture of tumor cells and normal cells. MTT, ATP, and
FDA end points use semiautomated instrument readouts, but can
only be applied to specimens which are relatively homogeneous
for tumor cells. In addition, there are a number of additional rea-
sons why one type of cell-death end point may be advantageous in
a given tumor specimen and why laboratories may apply several
different cell-death end points in the testing of a single specimen.

It should be noted that, historically, the DiSC assay studies of
the early 1980s (11, 29, 30) provided the prototype for later
studies of the other cell-death end points. When the MTT end
point was first introduced in the late 1980s, the first published
studies compared the MTT results to the DiSC results, with cul-
ture conditions and drug exposures being otherwise identical
(13,21, 23, 31). Many laboratories have preferred the MTT end
point, and later the ATP and FDA end points, which, as in the
case of the MTT end point, were compared to the DiSC end
point, in early publications (19, 27, 28), because of the difficulty
in preparing and scoring the DiSC assay microscope slides. What
is important is that each of the above cell-death end points does
give essentially the same results (except in the case of isolated
drugs, such as taxanes and 5FU). Thus, it is entirely reasonable
and proper to consider as a whole the clinical validation data
which have been published using the above four end points.

The second point to understand is that cell-death assays are
not intended to be scale models of chemotherapy in the patient.
The DiSC assay was designed to address the major practical prob-
lems with the popular clonogenic assays of the late-70s/early-
80s. Chief among these problems were (1) low evaluability rates
and (2) uncertainty of what was being measured in individual
assays (true tumor cell colonies, arising from clonogenic cell
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growth versus artifactual colonies arising from cell aggregation).
Unlike the case with the clonogenic assays, there was no attempt
to model in vivo pharmacokinetics (i.e., no attempt to utilize
clinically achievable drug concentrations or to determine some-
thing analogous to an antibacterial minimal inhibitory concentra-
tion). Instead, the assay conditions were rigorously fixed, with
respect to culture media and drug exposure time (the latter being,
most typically, 96 h). Drugs were first tested in training sets to
determine the drug concentration which gave the widest scatter
of results (mathematically defined as the greatest standard devia-
tion). The hypothesis to be tested with clinical correlations was a
very simple one — that above-average drug effects in the assays
would correlate with above-average drug effects in the patient, as
measured by both response rates and patient survival. This
hypothesis has now been proven to be correct, in a broad spec-
trum of neoplasms, and with a broad spectrum of drugs.

2. Historical
Perspective:
Development

of the DiSC Assay

Two important approaches to measure total cell kill have been (1)
measuring the structural integrity of cells and (2) measuring the
metabolic integrity of cells (e.g., MTT, ATP). The former end
point is measured in the DiSC assay.

Microscopic inspection of the structural integrity of tumor
cells can be made somewhat more objective by the principle of dye
exclusion. In 1917, Pappenheimer (32) described experiments in
which he exposed freshly excised thymic lymphocytes to various
toxic agents and then added trypan blue. Trypan blue penetrated
the incompetent membranes of dead cells and stained the dead
cells blue, while the living cells remained unstained and clear.

Richter and MacDowel in 1933 (33) used this method to
study the effects of chemical agents on mouse leukemia cells.
Schrek in 1936 (34) applied this method to study the effects of
ricin, hyperthermia, and snake venom on murine solid tumor cells
and also on cells dissociated from normal tissues. Schrek in the
1950s through 1980s used a related assay based upon measuring
the structural integrity of cells by means of phase contrast micros-
copy to study drug and radiation sensitivities of normal and neo-
plastic cells from human lymphatic neoplasms (35-51). Shortly
before his death at age 86, Schrek reviewed his work and con-
cluded that 23% of CLL patients have cells which are radiation-
resistant in this assay and that these patients also tend to exhibit
clinically drug-resistant disease (50, 52-55). In my opinion,
Schrek’s work is one of the great overlooked achievements in
clinical cancer research in the past 50 years. In his published work
of 40-50 years ago, there are obvious clues to the existence of
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practicable methodologies for drug resistance testing in CLL and
NHL, which should have long ago been developed to replace the
empiric clinical trial in the study of hematologic neoplasms.

In the late 1970s, Durkin reported a perfect correlation
between the results of'a 2-day trypan blue assay in non-Hodgkin’s
lymphoma and the response of eight patients to clinical chemo-
therapy (56).

My own interest in the trypan blue assay dated to work I did
as a graduate student in Raymond Ruddon’s laboratory at the
University of Michigan in 1970. I studied the activity of a series
of investigational purine derivatives obtained from Dr. A.C.
Sartorelli in an established line of Burkitt lymphoma (P3]) cells
(Fig. 1). The assay system consisted of measuring the growth
curve of the cells by means of a Coulter Counter. Some of the
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Fig. 1. Direct comparisons of different cell death end points in 96-h microcluster culture
of fresh human tumor specimens tested with an assortment of drugs.
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purine derivatives were soluble only in 6.25% DMSO. The cells
proliferated in 2.5% DMSO, but not in 6.25% DMSO where they,
in fact, slowly died. I could not use the Coulter Counter in this
situation, but instead measured Trypan Blue uptake. In spite of
the lack of cell proliferation, I was still able to determine struc-
ture—activity relationships in the Trypan Blue assay. In 1978,
I was a Clinical Associate in the Medicine Branch of the US NCI.
One of my colleagues was Dan Von Hoft, who at the time was
carrying out early studies with the Human Tumor Colony Assay
(HTCA), which he had just learned from Sydney Salmon of
Arizona (57). Dan told me that leukemia and lymphoma did not
grow all that well in the culture system. I remembered my previ-
ous studies with the Burkitt lymphoma cells in the high DMSO
and how I was able to obtain results with cells that would not
grow by testing them in a Trypan Blue assay. The problem with
fresh tumors, as opposed to cell lines, was that the former tissues
often contained a heterogeneous mixture of normal and neoplas-
tic cells. To circumvent this and other problems, my laboratory
devised a system in which dead cells were first stained green with
Fast Green dye (which stains dead cells in the same fashion as
Trypan Blue) and then concentrated (along with an internal stan-
dard of acetaldehyde-fixed duck red blood cells) onto a perma-
nent microscope slide using a cytocentrifuge (Fig. 2). Finally,
“living” cells were counterstained with hematoxylin—eosin (solid
tumors) or Wright—Giemsa (hematologic neoplasms), which per-
mitted identification of surviving cells as either tumor cells or

Equipment needed: Cytospins, "multi-
spot" cuvettes and filter papers

Fig. 2. Equipment needed for the DiSC assay: a cytospin is essential.
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normal cells (1, 11, 12,48-50, 58, 59). The interpretation of the
assay is quite subjective and can be labor-intensive, in the case of
suboptimum specimens and/or slides, and requires the recogni-
tion and scoring of slides by a highly skilled, dedicated, and expe-
rienced cytopathologist or technologist (Fig. 3).

We applied this assay to a variety of fresh human tumor speci-
mens and found good correlations between assay results and clin-
ical response (1, 11, 12, 60). We also reported that the assay
results in vitro accurately reflected known, disease-specific pat-
terns of clinical drug resistance (1, 11, 12, 61-63) and clinical
radiation resistance (64, 65), that specimens from previously
treated patients were significantly more resistant in the assay than
specimens from previously untreated patients (1, 12, 66-68), and
that serial assays on specimens for individual patients showed
increasing drug resistance in the presence of intervening chemo-
therapy, but no significant change in the absence of intervening
therapy (12). We further reported that clinically achievable con-
centrations of verapamil and lidocaine had the capacity to reverse
drug resistance in some specimens of fresh hematologic neoplasms
(67, 69) and later confirmed this finding in the clinic (68, 70).
We also reported results which showed that the assay system had
some unique advantages for the study of biologic response modi-
fiers (63, 71, 72).

Other, independent investigators have studied the assay sys-
tem. The DiSC assay has been studied most extensively in hema-
tologic neoplasms (1, 12, 19, 23, 27-29, 69, 73-100), but the
more limited studies in solid tumors (1, 11, 64, 67, 95, 101-
106) have been entirely consistent with the findings in hemato-
logics. Overall, there have been greater than 1,200 published
correlations between assay results and clinical response, with the
largest number of correlations coming from the long-term,
focused work in chronic lymphocytic leukemia by Andrew
Bosanquet and collaborators at the former Bath Cancer Research
Unit. Patients treated with drugs which were “sensitive” in the
assays responded to chemotherapy in 81% of cases. Patients
treated with drugs which were “resistant” in the assays responded
in 11% of cases. Specificity for drug resistance was 95%, and sen-
sitivity for drug resistance was 63%. The most important way to
look at these results is to note that patients treated with drugs
which were “sensitive” in the assays had a 7.4-fold greater likeli-
hood of clinical response than patients treated with assay-
“resistant” drugs (5, 6).

In every published study, treatment with assay “positive”
drugs was associated with a higher than otherwise expected
response rate (i.e., higher than the response rate seen in the
entire patient population studied) and treatment with assay neg-
ative drugs was associated with a lower than otherwise expected
response rate. In a number of studies, assay results were strongly
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correlated with patient survival (78, 84,91, 93,100, 102, 106).
Although most of these were small studies, the number of dif-
ferent institutions and consistency of results provide support for
the clinical and biological validity of the DiSC assay in human
neoplasms.

3. Acquired Drug
Resistance, DiSC
Assay

With cell proliferation assays (e.g., colony formation assays, thy-
midine uptake assays), there are negligible published data to indi-
cate that assays on fresh tumors from treated patients are
demonstrably more drug resistant than assays on tumors from
untreated patients. In the early 1980s, we reported that DiSC
assays carried out on cells from previously treated CLL and ALL
patients showed significantly greater resistance to nitrogen mus-
tard, melphalan, and doxorubicin (CLL) and to dexamethasone,
vincristine, cytarabine, and doxorubicin (ALL) than assays carried
out on untreated patients (1, 12, 68, 100).

There are now supporting data from other laboratories to
indicate that the DiSC assay clearly demonstrates greater resis-
tance when cells from previously treated patients are tested (77,
99). This finding is of major importance for drug resistance
research because it suggests that the DiSC and related assays
(107) are perhaps the most relevant model systems available to
study the causes and circumvention of clinically acquired drug
resistance.

Table 1 shows mean percent of control tumor cell survivals
for a number of human neoplasms in which acquired clinical drug
resistance is known to occur. Examples of this are (1) cisplatin in
non-small cell lung cancer, (2) cisplatin/carboplatin in ovarian
cancer, (3) fluorouracil (5FU) in colon cancer, (4) cyclophosph-
amide in breast cancer, and (5) cyclophosphamide in non-Hodgkin’s
lymphoma. Shown separately are mean percent of control tumor
cell survivals for specimens from previously untreated patients
and for specimens from previously treated patients who were
biopsied within 6 months of having received their most recent
chemotherapy. In the case of breast cancer, cases of neoadjuvant
chemotherapy were censored, and only specimens (from both
treated and untreated patients) that were obtained from outside
of the breast were included to reduce confounding variables of
tumors in the process of responding to neoadjuvant therapy as
well as possible second primary tumors. These data show that,
with both DiSC and MTT end points, there is significantly greater
in vitro drug resistance in specimens obtained from populations
of patients known to have greater clinical drug resistance. These
data provide additional evidence for the biologic validity of cell-
death assays in a variety of human tumors.
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Table 1

Comparison between assay results in specimens from previously untreated

versus previously treated patients

Untreated Treated mean P2
mean % control % control cell  Untreated
cell survival (n) survival (n) versus treated
Top=DiSC Top=DiSC Top=DiSC
Neoplasm/drug Bottom=MTT Bottom=MTT Bottom=MTT
NSCLC (AdenoCa) 47% (n=198) 58% (n=71) =0.0041
Cisplatin 54% (n=161) 64% (n=49) =0.022
Ovarian 22% (n=193) 38% (n=310)  <0.0001
Cisplatin 23% (n=185) 39% (n=280) <0.0001
Colon 56% (n=388) 68% (n=56) =0.0010
5FU 49% (n=148) 58% (n=94) =0.0002
Breast 49% (n=118) 60% (n=175)  =0.0017
Nonbreast specimens; non-neoadjuvant 51% (n=95) 58% (n=144) =0.052
prior therapy; Cyclophosphamide (4HC)
Non-Hodgkin’s lymphoma; 29% (n=106) 43% (n=144) =0.0046
Cyclophosphamide (4HC) 48% (n=86) 59% (n="72) =0.030

4. Drug
Development

Using the DiSC

Assay

As noted previously, there are no published studies which con-
vincingly show the ability of any in vitro assay system based on
cell proliferation to correctly model known disease-specific activ-
ity patterns of known anticancer agents. In contrast, we have
reported that drug activity in the DiSC assay tends to mirror
known patterns of clinical drug resistance (1, 11, 12, 61, 62, 66,
68). The above studies showed that hematologic neoplasms tend
to be much less drug resistant than solid tumors, small cell lung
cancer is less resistant than non-small cell lung cancer, dexame-
thasone and vincristine are much more active in ALL than in
ANLL, cytarabine is dramatically more active in hematologic
neoplasms than in solid tumors, cisplatin is more active in solid
tumors than in hematologic neoplasms, and so on. The figure
below shows comparisons between cisplatin (tested at 3.3 pug/
mL) and oxaliplatin (tested at 10 pug/mL) in 96-h incubation
DiSC assays (Fig. 4). Particularly striking are the much greater
activity for oxaliplatin than cisplatin in NHL/CLL, the much
greater activity of cisplatin than oxaliplatin in ovarian cancer, sar-
comas, and non-small cell lung cancer, and the greater activity of
oxaliplatin in endometrial adenocarcinoma than oxaliplatin in
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Disease-specific activity of oxaliplatin (upper bar) and cisplatin (lower bar)
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Fig. 4. Disease-specific activity of platinums in the DiSC assay.

ovarian cancer. These data serve as models for the way in which
these assays could be used to direct attention to the most promis-
ing target diseases in phase I trials.

As a further example, we asked the question if a particularly
troublesome subtype of breast cancer could be considered as a
distinct disease from the standpoint of being a chemotherapy tar-
get. Prognosis of triple negative (ER-/PR-/Her2-) breast can-
cer (TNBC) is greatly improved by complete response to
chemotherapy, and it is therefore essential to improve complete
remission rate in this disease. We screened all of the “standard”
breast cancer drugs and found that only cisplatin had exceptional
activity in TNBC, with activity of cisplatin in TNBC being equiv-
alent to that in previously untreated, poorly differentiated ovarian
cancer (Table 2). Of the above three breast cancer markers, ER
had the greatest impact (ER- tumors being much more platinum
sensitive than ER+ tumors). Her2 negativity had a more modest
impact, but ER-/Her2- tumors were more platinum sensitive
than ER-/Her2+ tumors. PR did not have a major impact beyond
the impact of ER.

In addition, the assay has produced patterns of both radioresis-
tance (61, 64, 65) and cytokine sensitivity (63, 71, 108), which are
compatible with known disease-specific activity patterns. Again,
these data serve as models for the way in which these assays could be
used to direct attention to the most promising target diseases for
new drugs in phase II trials and the most promising drugs to target
specific diseases, in situations where multiple candidate drugs exist.
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Table 2
Cisplatin activity in breast and ovarian cancer sub-types

Control cell survival following 96-h exposure to cisplatin (%)

Tumor type Control cell  Control cell  No. of P2 (comparison
survival after survival after different with entire breast
cisplatin cisplatin fresh tumor cancer cisplatin

3.3 mg/ml 1.65mg/ml  specimens database, n=650)
(95% C.1.) (95% C.1.) tested
(3.3mg/ (1.65 mg/

ml) ml)
Breast, ER+ 46 (41-51) 75 (71-79) 79 N.S. N.S.
Breast, ER- 22 (16-28) 57 (49-65) 44 <0.0001 <0.0001
Breast, Her2+ 42 (32-53) 76 (70-82) 30 N.S. N.S.
Breast, Her2- 34 (28-40) 64 (59-69) 73 =0.0009 =0.0006
Breast, ER- Her2+ 33 (16-50) 71 (58-84) 11 N.S. N.S.
Breast, ER- Her2- 17 (12-22) 50 (41-59) 28 <0.0001 <0.0001
Ovarian, poorly-differentiated, 17 (13-21) 44 (38-50) 90 <0.0001 <0.0001
untreated
Ovarian, poorly-differentiated, 31 (27-35) 65 (60-70) 93 <0.0001 =0.0008
relapsed within 6 months to
treatment
Ovarian, poorly-differentiated, 21 (16-26) 53 (47-59) 61 <0.0001 <0.0001
relapsed greater than
6 months
5. Biologic
Response
Modifiers in the
DiSC Assay

Because of the unique capability of the DiSC assay to detect spe-
cific cell killing in individual cell populations present in a mixed
population of tumor and normal cells, I suggested the application
of this assay to the study of biological response modifiers in 1983
(11). Subsequently, Lewensohn and colleagues (109) and Lepri
(110) applied the assay to the study of interferons in multiple
myeloma, and my laboratory used a modification of the assay to
study a variety of biologic response modifiers in a variety of fresh
human neoplasms (63, 68,71, 72, 108). This assay is much more
sensitive and specific than the classic chromium release assay and
shows promise for the study of immunologic mechanisms (72,
109) and as a predictive test for clinical BRM therapy (63, 72).
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Fig. 5. Activity of IL2 in individual cases of NSCLC and ovarian cancer.

Figure 5 shows 7-day assays performed on cells from patients
with non-small cell lung cancer (adenocarcinoma) and ovarian
cancer, respectively. It is very rare for Interleukin-2 (IL2) to have
a notable effect in these neoplasms (63, 71). In the first of the
above cases (the NSCLC), the patient had stage-4 disease and
achieved a virtual complete remission with assay-directed therapy
consisting of vinorelbine + gefitinib + tamoxifen. The patient was
then placed on maintenance therapy with low-dose, subcutane-
ous IL2 and remained in remission for 8§ months following dis-
continuationofchemotherapy,whenshedevelopedleptomeningeal
disease, in the absence of a systemic recurrence. The ovarian can-
cer patient had stage 3B, platinum-resistant disecase and had
received 5 prior chemotherapy regimens. She was also treated
with low-dose, subcutaneous IL.2. Within 6 weeks, her CA-125
dropped from 128 to 52 and thereafter remained stable, on IL.-2
maintenance, for a total of 11 months, until she again developed
progressive disease. Metabolic end points cannot be used for bio-
logical response modifiers, in which drug activity is mediated
through normal lymphocytes (which often transform to meta-
bolically robust cells in culture, particularly when stimulated by
BRMs, e.g., see the NSCLC slides, above) and /or macrophages,
which can also have considerable metabolic activity.

Shown below (Fig. 6, reprinted from reference (72), with
permission) are DiSC/BRM assays performed on (1) drug-resistant
forms of cancer (chiefly colon, lung, and renal) and (2) drug-
sensitive forms of cancer (ovarian and breast). Agents tested were
the nonspecific macrophage-activating agent ImuVert (left panel)
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Fig. 6. Activity of macrophage-activating BRMs in drug-resistant and drug-sensitive tumors. (a) ImuVert, (b) y-interferon.

and interferon gamma (right panel). Both agents were signifi-
cantly more active in previously treated, “drug-sensitive” neo-
plasms than in untreated neoplasms of both types and from
treated, “drug-resistant” neoplasms. We hypothesized that this
difference was owing to “in situ vaccination” from the chemo-
therapy-induced release of tumor antigens as a consequence of
effective chemotherapy. This, we speculated, would serve to prime
tumor infiltrating effector cells so that they would respond to
additional stimulation with macrophage-activating BRMs with
potent, specific antitumor effects.

At a later time, other investigators performed a clinical trial in
advanced ovarian cancer, in which patients were randomized to
receive cisplatin + cyclophosphamide alone versus the same regi-
men with the addition of subcutaneous interferon (IFN) gamma,
0.1 mg, on 3 days per week, every other week (i.e., week on/
week off), and this showed improved progression-free survival
and a trend for improved overall survival (111) (Fig. 7). These
authors cited our study in their discussion, as far as providing a
mechanism for the positive results they obtained. Their study was
terminated before scheduled completion, because of the substitu-
tion of paclitaxel for cyclophosphamide in standard therapy.

Subsequent to this, there was a larger, international trial (112)
in which patients were randomized to carboplatin/paclitaxel
alone versus the same regimen with the addition of low-dose,
subcutaneous gamma interferon, 0.1 mg, for 3 days per week,
every week (i.e., continuously). This study was closed early,
because of an #mferior survival in the gamma interferon arm!
However, a close inspection of the two trials reveals the following
differences: (a) In the 2nd (IFN-gamma inferior) study, the total
dose of IFN-gamma was twice that in the 1st (IFN-gamma supe-
rior) study. (b) The hematologic toxicity was much greater in the
IFN-gamma arm in the 2nd study, resulting in significantly less
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Fig. 7. Impact of subcutaneous gamma interferon on progression-free survival in
advanced ovarian cancer, reprinted from (111), with permission.

chemotherapy actually received, significantly greater myelosup-
pression and probably significantly more use of hematopoetic
growth factors, which have been shown to accelerate cancer
growth, and probably greater immunosuppression. (c) The
greater toxicity in the IFN-gamma arm in the 2nd study may have
compromised the ability to administer 2nd line, “salvage” ther-
apy. (d) The overall survival of the cisplatin/cyclophosphamide /
IFN-gamma arm in the first study compared favorably with the
carboplatin /paclitaxel /no IFN-gamma arm of the second study,
even though the second study took place many years after the
first, during which time overall results of first-line ovarian cancer
therapy had improved substantially worldwide.

While my hypothesis of “in situ vaccination” remains unset-
tled, there is no doubt that occasional individual patients do ben-
efit substantially from BRM therapy, and the DiSC assay affords a
potential mechanism for identifying such patients and for future
development of more effective BRM therapy.

6. Anti-angiogenic
Agents, DiSC
Assay

We have recently reported a completely unexpected finding: dead
microvascular, microcapillary cells stain strikingly differently than
dead tumor cells and dead normal cells which are not capillary
cells (113). As virtually all specimens of solid tumors and
hematologic neoplasms contain copious endothelial and other
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microvascular cells, this makes it possible to test fresh human
specimens for the activity of antiangiogenic agents which have the
capacity to kill tumor-associated microvascular cells. We used this
discovery to develop a unique assay, which I believe to offer
the only existing means to study the eftectiveness of putative

CD31 Control Bevacizu-
Culture mab

Bevacizumab Erlotinib + Imatinib +
Bevacizumab Bevacizumab

Fig. 8. Microvascular viability assay in pancreatic carcinoid tumor (upper three panels) and in breast cancer (lower six
panels).
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antiangiogenic agents directly against microcluster cultures of
human tumors and hematologic neoplasms (which typically con-
tain endothelial cells in apposition to lymphoma or leukemia cells,
even in peripheral blood specimens).

The upper three panels of Fig. 8 show the appearance of
CD31 (endothelial cell antigen)-stained cells, viable (pink-stained)
microvascular cells in control cultures (circled in the middle of
the upper three panels), and nonviable (dense, refractile, blue-
black stained) microvascular cells in the bevacizumab-exposed
cultures. Bevacizumab removes VEGF from the culture medium,
producing death of microvascular cells in VEGF-dependent
tumors (112). The lower six panels show an example of where
erlotinib had a minor effect on enhancing bevacizumab activity,
while imatinib had a dramatic and striking effect to enhance beva-
cizumab activity. We have extended this work, in a search to iden-
tify exploitable synergy between putative antiangiogenic agents
(113, 114).

7. DiSC Assay
for “Targeted”
Antikinase Agents

There is an explosion of small molecule inhibitors of protein
kinases being introduced into clinical trials and approved for can-
cer treatment. These are all expensive drugs, with limited effec-
tiveness, in most cases, against the most common neoplasms.
There is a great need to individualize therapy with this class of
agents. The presence and/or absence of molecular markers has
been of some utility, but the ability to test these agents in cell
culture systems, both alone and in combination with other agents,
would be of great potential benefit. These protein kinase inhibi-
tors are particularly interesting, in that they may have antiangio-
genic activity, as well as direct antitumor activity. This DiSC assay
for cytotoxicity, combined with recognition of antimicrovascular
effects (see above), provides a potentially attractive means for
testing this class of agents.

We have been routinely testing and reporting out results for
gefitinib as “sensitive,” “intermediate,” and “resistant” since
2003, where “intermediate” is a percent cell death within plus or
minus one half standard deviation from the median of reference,
database assays; “sensitive” is 1/2 standard deviation or greater
above the mean cell death, and “resistant” is 1 /2 standard devia-
tion or greater below the mean cell death.

Figure 9 shows the overall (not progression-free) survival for
previously treated patients with non-small cell lung cancer (115),
as a function of gefitinib results prospectively reported to the
referring clinicians and as a function of whether or not they ever
received subsequent treatment with gefitinib or erlotinib following
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Fig. 9. Overall survival of previously treated patients with NSCLC, as a function of pro-
spectively reported assay results and subsequent management with (Rxd) or without
(Not Rxd) gefitinib/erlotinib.

the assay. Although the numbers are small (only 32 patients), the
relationships were both significant and striking, as was the excel-
lent survival of gefitinib sensitive-intermediate patients who actu-
ally received subsequent therapy with gefitinib (recalling that
these were all patients with progressive disease following first-line
chemotherapy). Assays for gefitinib-activating EGFR mutations
only identify a small subset of patients with projected benefit and
do not have the potential ability to identify cases where gefitinib
(and other protein kinases) may synergize with other cytotoxic or
antiangiogenic agents. The data in Fig. 9 suggest that cell culture
assays may have the potential to identify a larger number of
patients who may benefit from specific forms of targeted antiki-
nase therapy, alone or in combination with other agents.

8. Limitations of
the DiSC Assay

In addition to the general limitations of all in vitro assays (26),
the DiSC assay has practical and theoretical limitations (26). The
most important technical requirement for performance of the
DiSC assay is the availability of talented, knowledgeable, experi-
enced, and dedicated slide readers. Recognizing and accurately
scoring up to scores of microscope slides per assay and complet-
ing several assays per day, on a continuing basis, obviously requires
such qualities, and a laboratory which lacks personnel with these
qualities will not have success with the DiSC assay.

I believe that the DiSC assay is applicable to most of the
anticancer drugs available today, from traditional cytotoxics to
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biologic response modifiers, with indirect antitumor activity
mediated by immune effector cells, to antiangiogenic agents, and to
“targeted” protein kinase inhibitors. There are, however, several
exceptions. We do not obtain a cell-death signal with the DiSC
assay after 96 h of exposure to methotrexate or pemetrexed. There
is also an inconsistent cell-death signal with directly cytotoxic
monoclonal antibodies, such as cetuximab, trastuzumab, and ritux-
imab. Finally, although we get both a good signal and reasonably
good data with the DiSC assay in the case of fluoropyrimidines,
such as 5FU, I feel that the MTT is a uniquely valuable end point
for this latter class of agents, as I think that an important effect of
5FU is to inhibit mitochondrial DNA synthesis and MTT is a more
specific mitochondrial probe than is the DiSC (and other) end
points. On the other hand, I feel that the DiSC end point is more
reliable for taxanes, for different biological reasons. With most
agents, however, DiSC, MTT, ATP, and fluorescein diacetate
results are virtually interchangeable, when all end points are tested
properly, in reasonably “pure” populations of tumor cells.

Because of the stringent demands of DiSC assay slide scoring,
it is entirely understandable that many investigators would prefer
a semiautomated assay, such as the MTT assay or other similar
assay, such as those based on fluorescein metabolism and trapping
or ATP content. However, there are problems which routinely
emerge when the metabolic assays are applied to nonuniform cell
populations.

A fundamentally important point is that it is the composition
of the cell culture at the end of the assay that determines the suit-
ability for the metabolic end points, not the cell composition at the
time when the assay is initially plated. In both solid and hemato-
logic neoplasms, we have found that there can be important changes
in the cell composition of cultures during the period of cell culture.
If the percentage of malignant cells is going down, then these cells
are, by definition, dying faster (or, in rare cases, proliferating slower
than the normal cells). This also implies that the surviving tumor
cells, as representatives of a dying cell population, may have a
reduced rate of cell metabolism, relative to the normal, “healthier”
cells, and thus the total contribution of normal cells to cell metabo-
lism may be even greater than their cell numbers would suggest.
Thus, assay results may be seriously altered by the presence of even
comparatively small numbers of “contaminating” normal cells.

I feel most strongly that the lack of quality controls with these
assay systems will inevitably lead to the frequent contamination of
the medical literature with results which are avoidably erroneous
and misleading. It is sobering to recall that it was the lack of suit-
able quality controls which led to the publication of erroneous
results and the unfortunate and avoidable discrediting to the
“human tumor colony assay” (116). This state of aftairs led directly
to the discrediting of the entire field of predictive cell culture
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assays, which persists in the USA to the present day. In science, as
in other endeavors, one ignores history at one’s own peril.

In our laboratory, we have, since 1992, been routinely testing
all tumors with at least two (and most often 3) of the following
end points: DiSC, MTT, resazurin (117), and/or ATP (most
typically testing the cell cultures with the first three of these end
points, largely reserving the ATP assay for solid tumor assays in
which the cell yield is very low, but in which there are >80% tumor
cells, and fewer than 20% normal cells, at the conclusion of the
culture period). When we have similar results with multiple end
points, I have greater confidence in using the results to inform
clinically important decisions.

9. Gonclusion

References

The virtual abandonment of research into fresh tumor cell culture
assays in the late 1980s was, in my opinion, the greatest lost
opportunity in all of clinical cancer research. I predict that there
will be increasing recognition that cell culture assays provide
many striking advantages, compared to “molecular” approaches,
and that the next 10 years will see a much needed renaissance
regarding the development and application of fresh tumor, cell
culture assays in cancer research and treatment.

Post-script: All of the DiSC assay studies described herein
were performed on true, fresh-tumor primary cell cultures, as
floating cell clusters, or, in the case of hematologic neoplasms, as
discohesive floating cells, in anchorage-independent conditions.
In addition to this body of work, there are also several published
studies from the US National Cancer Institute, all of which uti-
lized subcultured (i.e., passaged) cells, grown in predominately
monolayer cultures. These studies are highly controversial and
complicated to explain. A detailed critique of these NCI studies is
available at: http: //weisenthal.org/chaptl2.htm.
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Real-Time Cytotoxicity Assays
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Abstract

Validation of new therapeutic targets calls for the advance in innovative assays that probe both spatial and
temporal relationships in signaling networks. Cell death assays have already found a widespread use in
pharmacological profiling of anticancer drugs. Such assays are, however, predominantly restricted to end
point DEAD /LIVE parameter that provides only a snapshot of inherently stochastic process such as
tumor cell death. Development of new methods that can offer kinetic real-time analysis would be highly
advantageous for the pharmacological screening and predictive toxicology.

In the present work we outline innovative protocols for the real-time analysis of tumor cell death,
based on propidium iodide (PI) and SYTOX Green probes. These can be readily adapted to both flow
cytometry and time-lapse fluorescence imaging. Considering vast time savings and kinetic data acquisi-
tion such assays have the potential to be applied in a number of areas including accelerated anticancer
drug discovery and high-throughput screening routines.

Key words: Cytotoxicity, Real-time assays, Antitumor drugs, Flow cytometry, Time-lapse
microscopy

1. Introduction

Tumor cell death serves as a useful end point in pharmacological
profiling of anticancer drugs (1). Despite the large variety of
techniques that have been developed so far to detect cell death,
technological innovations can make the deployment of these
assays more effective (2). The permeability of plasma membrane
to charged fluorescent probes is an accepted marker that distin-
guishes LIVE from DEAD. Since it is generally assumed that
such probes are inherently cytotoxic their use is mostly restricted
to end point assays (3). The major drawback of such analysis is,
however, capturing only a snapshot of the incidence of cell death
which is inherently a stochastic process. Therefore, development
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of new methods that can provide kinetic quantification of drug
induced cytotoxicity would be highly advantageous for the
pharmacological screening and predictive toxicology (3). In such
assays, markers applied supravitally, should have minimal effects
on the structure, function, and survival of cells (4).

Recently, we have provided new evidence that many plasma
membrane integrity markers such as propidium iodide (PI),
SYTOX Green, SYTOX Red, and YO-PRO 1 can be used to
dynamically probe and quantify cytotoxicity in real time (2, 3).
Such assays meet the following criteria of dynamic and high-
throughput analysis: (1) the straightforward staining and
adaptability for automated dispensing; (2) the lack of side-effects
on cellular viability, proliferation or cell migration; and (3) the
lack of interference with the assay readout (2, 3).

Reduction of sample processing achieved with these proto-
cols is important for the preservation of fragile apoptotic cells.
Our data indicate that such simple bioassays can be readily adapted
for novel microfluidic chip-based (Lab-on-a-Chip) platforms with
minimal protocol modifications (5, 6).

2. Materials

2.1. Dynamic
Detection of Cell Death
Using Flow Cytometry

2.2. Real-Time
Detection of Cell Death
Using Time-Lapse
Imaging

1. Cell suspension (1-5x 10° cells/ml).

2. 1x PBS.

3. 1 mg/ml PI stock solution in PBS. Store protected from light
at +4°C. Stable for over 12 months. Caution: PI is a DNA
binding molecule and thus can be considered as a potential
carcinogen. Always handle with care and use protective gloves.

4. Optional: 1 mM SYTOX Green stock solution in DMSO. Store
protected from light at —20°C. Stable for over 12 months.
Caution: although there are no reports on SYTOX Green

toxicity, appropriate precautions should always be applied when
handling SYTOX Green solutions.

5. Optional: 10 WM SYTOX Green working solution in PBS
(prepare fresh as vequived).

6. 1.5-ml Eppendorf tubes.
7. 12x75 mm polystyrene FACS tubes.

1. Cell suspension (1-5x 10°) or cell monolayer.
2. 1x PBS.

3. 1 mg/ml PI stock solution in PBS. Store protected from light
at +4°C. Stable for over 12 months. Caution: PI is a DNA
binding molecule and thus can be considered as a potential
carcinogen. Always handle with care and use protective gloves.
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4. Optional: 1 mM SYTOX Green stock solution in DMSO. Store
protected from light at -20°C. Stable for over 12 months.
Caution: although there ave no rveports on SYTOX Green

toxicity, appropriate precauntions should always be applied when
handling SYTOX Green solutions.

5. Optional: 100 uM SYTOX Green working solution in PBS
(prepave fresh as requived).

6. 1.5-ml Eppendorf tubes.

7. Optical grade cell culture plates or cell culture chambers.

3. Methods

3.1. Dynamic
Detection of Cell Death
Using Flow Cytometry

3.2. Real-Time
Detection of Cell Death
Using Time-Lapse
Imaging

The near real-time detection of cell death is based on a continuous
presence of the fluorescent probe in the culture medium and
performing sequential specimen sampling by flow cytometry (2, 3).
As presence of the fluorescent dye has no impact on cellular
viability, proliferation or cell migration, method presented here is
a single-step and time saving assay (2, 3). Elimination of washing
steps enhances preservation of fragile apoptotic cells in an intact
state without compromising assay sensitivity (1-3).

1. Seed cells at a desired concentration in 24-well culture plates
(see Note 1).

2. Add drug into the culture as appropriate (Fig. 1a).

3. Add 1 pL of 1 mg/ml PI stock solution (final concentration
1 pg/ml; see Note 2).

— Optional: instead of PI use 1.5 WL of 100 uM SYTOX
Green working solution (final concentration 150 nM, see
Notes 3 and 4).

4. Culture cells in the presence of PI or SYTOX Green and collect
sample aliquots into 12x75 mm Falcon FACS at desired
time-points (see Note 5).

5. Analyze on a flow cytometer with 488 nm excitation line
(Argon-ion laser or blue solid-state laser) with emissions
collected at 530 nm (SYTOX Green) or 575-610 nm (PI).
Adjust the logarithmic amplification scale to distinguish
between viable cells (bright PI- and SYTOX") from late
apoptotic and/or necrotic cells with compromised plasma
membranes (PI*/SYTOX*) (Fig. 1b; see Notes 5-7).

The principle of this assay is similar to the previously described
protocol for flow cytometry. The main advantage of this protocol
is a true real-time detection of cell death based on a time-lapse
fluorescent microscopy (3, 5, 6).
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Fig. 1. Dynamic analysis of cytotoxicity using simplified real-time protocols: (a) Workflow of a modified real-time
(no-wash) protocol. Note that viability marker SYTOX Green is continuously present in the culture medium as opposed to
a standard, end-point staining procedure. (b) Viability marker SYTOX Green was applied to dynamically track drug-induced
cytotoxicity using flow cytometry. Human promyelocytic leukemia HL60 cells were exposed to a pro-apoptotic drug
cycloheximide (CHX; 50 wg/ml) for 24 h in the continuous presence of SYTOX Green (100 nM). Fluorescent probe was
excited using 488 nm Argon-ion laser. SYTOX Green fluorescence signal was logarithmically amplified using 530 nm
band-pass filter. Debris was excluded electronically. Analysis based on bivariate dot plots FSC vs. SYTOX Green is shown.
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. Seed cells at a desired concentration in optical grade culture
plates.

. Add drug into the culture as appropriate.

. Add 1 pL of 1 mg/ml PI stock solution (final concentration
1 pg/ml; see Note 2).

— Optional: instead of PI use 1.5 UL of 100 uM SYTOX
Green working solution (final concentration 150 nM, see
Notes 3 and 4).

. Position cell carrier on a time-lapse microscope stage.

. Culture cells in the presence of PI or SYTOX Green and
collect time-lapse images at desired time-points (see Note 8).

4. Notes

3.

<

. Cell seeding densities should be empirically adjusted to a
particular type of cell line and/or primary cell culture.

. Continuous presence of PI in the culture medium does not
affect cellular viability, proliferation or cell migration. Our
results indicate that human promyelocytic HL60 cells remain
viable and reproductively competent even when challenged
with PI concentrations up to 5 ug/ml for up to 72 h (3).
Similar results were obtained on a panel of diverse tumor
cell lines (suspension: U937, HL60, K562, MOLT-4, and
Jurkat; adherent: U208, Saos2, MDA-MB-231, and 3T3).
Importantly, presence of the probe does not appear to affect
cell cycle and long-term cell proliferation as estimated using
(methyl-*H)-thymidine incorporation and Trypan Blue assays
(3). We recommend, however, initial titration of PI to find an
optimal concentration for a particular cell line.

A green fluorescent SYTOX Green (Ex max: 504/Em
max: 523 nm) probe can be continently substituted for PI.
Remaining fluorescent channels can be utilized e.g. for
multiparameter analysis of apoptotic markers such as calcium
flux, caspase activation, or externalization of phosphatidyl
serine residues (5, 6).

Fig. 1. (continued) LIVE — viable cells, APO — apoptotic cells, DEAD — late apoptotic/necrotic cells. (¢) Comparison between
percentages of cell death estimated using standard SYTOX Green end-point vs. new kinetic protocol. Human promyelocytic

leukemia HL60 cells were exposed

to a range of pro-apoptotic drugs cycloheximide (CHX), campthothecin (CAM), and

staurosporine (STS) for 24 h. Data were acquired using BD FACS Calibur flow cytometer equipped with 488 nm excitation
line and 530 nm band-pass filter. Note excellent agreement between results obtained with both assays (R? > 0.98 for
p<0.05 in Pearson and Lee linear correlation test).
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4. Similar to PI, SYTOX Green does not display any side effects
on cellular viability, proliferation, or cell migration when used
in concentrations up to 1 mM (3).

5. Cell suspension can be collected and analyzed without any
centrifugation and washing steps (3). The continuous labeling
procedure not only provided similar results to a standard end
point staining protocol, but also allows for a straightforward
adaptation for high-throughput screening (HTS) (3).

6. Cells cultured in the presence of PI or SYTOX Green exhibit
an overall increase of background florescence as compared
to end point protocols. Adjust the logarithmic amplifica-
tion scale to distinguish between viable cells (bright PI- and
SYTOX-) from late apoptotic and/or necrotic cells with
compromised plasma membranes (PI* /SYTOX*) as depicted
in Fig. 1b (3).

7. Flow cytometry allows quantitative measurements of laser
light scatter characteristics that reflect morphological features
of cells (1). Cell shrinkage due to the dehydration can be
detected at early stages of apoptosis as a decrease in intensity
of forward light scatter (FSC) signal (1). Depending on a cell
line model and stimuli being used, analysis based on FSC and
SYTOX bivariate dotplots can provide additional information
about apoptotic cells (APO — ESC*¥ /SYTOX") as depicted in
Fig. 1b. It should be noted, however, that observable changes
in light scattering are not a reliable marker of apoptosis and
should be always confirmed by other dedicated assays (1).

8. A wide variety of optical grade cell carries can be exploited
that include optical culture plates, cell culture chambers, and
microfluidic chip-based devices (3, 5, 6). Program time-lapse
protocol to collect images at desired time intervals. PI and
SYTOX Green display substantial resistance to photobleaching.
Therefore specimens can be repeatedly imaged for extended
periods of time (3, 5, 6). No phototoxic reactions have been
observed so far, but we recommend a careful assessment of
selected fluorescent probes for a particular experimental pro-
tocol and biological specimen being used (3).
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Chapter 24

Purification of Annexin V and Its Use in the Detection
of Apoptotic Cells

Katy M. Coxon, James Duggan, M. Francesca Cordeiro,
and Stephen E. Moss

Abstract

Cell death by apoptosis has been studied for many years using fluorescently labeled annexin V. Annexin
V shows high affinity for the phosphatidylserine that becomes enriched in the outer leaflet of the plasma
membrane during apoptosis, but not necrosis, allowing differentiation between the two types of cell
death. In this chapter we detail two methods for the purification of annexin V. The first is an untagged
recombinant protein using a three step Fast Protein Liquid Chromatography (FPLC) method, and the
second using a single step purification protocol via a glutathione S-transterase (GST) tag. Labeling of the
resulting annexin V with a fluorescent dye to allow visualization of the protein is also explained. Finally,
two methods are described in which a fluorescently labeled derivative of annexin V is used to detect
apoptosis, namely the in vitro method of fluorescence-activated cell sorting (FACS) where fluorescent
annexin V is used to differentiate apoptotic and necrotic cells within a population; and detection of apop-
tosing retinal cells (DARC) allowing the identification of apoptotic cells in the retina in vivo.

Key words: Annexin V, Apoptosis, Protein purification, FACS, DARC

1. Introduction

Apoptosis or programmed cell death plays an important role
in development, homeostasis, and disease progression. Cells
instructed to undergo apoptosis progress through a regulated
sequential process of cellular events resulting in death without the
release of cytotoxic agents, thus preventing secondary death of
the surrounding cells. Initiation of the apoptotic cascade pro-
motes the activation of cellular proteases (caspases) and endonu-
cleasesand resultsin mitochondrial dysfunction. Ifthe pro-apoptotic
signal is not reversed, the cell is then committed to the process
and DNA fragmentation, extensive protein degradation, and

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_24, © Springer Science+Business Media, LLC 2011
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cytoskeletal reorganization is observed. Furthermore, during the
early phase of apoptosis the negatively charged membrane
phospholipid, phosphatidylserine (PS), usually found in the inner
leaflet of the plasma membrane, is externalized (1, 2).

Annexin V (P08758 Swiss-Prot), a 36 kDa protein, is known
to have a high affinity for PS in a Ca*-dependent manner (3).
This affinity to PS via calcium has allowed the development of a
number of methods using fluorescently labeled annexin V for
the detection of apoptotic cells, both in vitro and in vivo. These
include fluorescence microscopy based methods, fluorescence-
activated cell sorting (FACS) (4) and detection of apoptosing
retinal cells (DARC) (5).

In addition to the annexin V-dependent protocols for the detec-
tion of apoptotic cells, a number of annexin V-independent meth-
ods have been established. These include TUNEL, DNA laddering,
assays of caspase activity, and visualization of apoptotic bodies.

Detection and quantification of apoptosis in vitro has been per-
formed in labs for many years; however, more recently, methods of
detection in vivo, using fluorescence or radiolabeled annexin V have
been developed. The ability to detect and quantify apoptotic events
in animal models and humans has attracted considerable attention in
fields such as ophthalmology, cardiology, and oncology by poten-
tially offering significant clinical value in the diagnosis and treatment
of glaucoma (5-7) and myocardial infarction (8, 9) and to monitor
therapeutic efficacy during cancer treatment (10-12). The follow-
ing protocol describes two methods by which annexin V can be used
to detect apoptotic cells, one in vitro and the other in vivo.

Two methods for the purification of annexin V are described
below. The first method addresses the purification of an
untagged annexin V and requires access to Fast Protein Liquid
Chromatography (FPLC) instruments to generate accurate salt
gradients and to monitor protein elution throughout the process.
This method tends to generate a very pure annexin V prep due to
the number of different chromatography steps used. The second
method describes the purification of a glutathione S-transferase
(GST)-tagged annexin V, which can be performed manually, rap-
idly, and without the use of any specialized equipment. This
method is relatively straightforward and lends itself to those who
have no or little experience in protein purification, but it does
tend to generate a more contaminated final product resulting
from the use of a single chromatography step.

2. Materials

Before beginning the purification, labeling and use of annexin V
to detect apoptotic cells see Notes 1-4.
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2.1. Untagged Annexin V

2.1.1. Bacterial Growth
and Induction of Untagged
Annexin V Expression

2.1.2. Harvesting and Lysis
of Bacterial Cultures

2.1.3. Lipid Binding
Enrichment of Annexin V

2.1.4. Analysis of Fractions
by SDS-PAGE

2.1.5. Desalting

1. E. coli strain BL21 harboring an isopropyl B-D-1-thiogalacto-

pyranoside (IPTQG) inducible expression vector containing
the cDNA encoding annexin V.

. Luria-Bertani (LB) Media: to 700 mL distilled H,O (dH,O)

add 10 g bacto-tryptone, 5 g yeast extract, and 10 g NaCl;
adjust pH to 7.5 with NaOH and make up to 1 L with dH,O.
Autoclave in two 1 L conical flasks sealed with a bung and
covered with foil.

. Ampicillin: prepare at a concentration of 100 mg/mL in

water. Store at -20°C (see Note 5).

. IPTG: prepare a 1 M solution in water and sterilize using a

0.22 um syringe filter. Store at -20°C.

. Lysis buffer: 50 mM Tris-HCI and 3 mM CaCl, at pH 7.4.

Store at 4°C.

. Lipid binding buffer: 50 mM Tris-HCl and 3 mM CaCl, at

pH 7.4. Store at 4°C.

. 0.22 um syringe filter: Millipore, Watford, UK.

. Lipid binding buffer: 50 mM Tris-HCI and 3 mM CaCl, at

pH 7.4. Store at 4°C.

. Lipid elution Buffer: 50 mM Tris—HCI and 60 mM EGTA at

pH 7.4. Store at 4°C.

. 2x SDS-PAGE sample buffer: 4% (w/v) SDS, 10% (v/v)

2-mercaptoethanol, 20% (v/v) glycerol, 0.004% (v/v) bro-
mophenol blue, and 0.125 M Tris—-HCI at pH 6.8. Store in
aliquots at -20°C.

2. 12% SDS-PAGE gel:
. 1x SDS-PAGE running bufter: 25 mM Tris-HCI, 190 mM

glycine, and 0.1% (w/v) SDS at pH 8.3. Store at room tem-
perature. Can be made up as a 10x solution.

. Prestained molecular weight protein marker: Dual Colour

Precision Plus Prestained Protein Standards from BioRad,
Hemel Hempstead, Hertfordshire.

. Coomassie blue: 50% (v/v) methanol, 10% (v/v) acetic acid,

and 0.05% (w/v) coomassie brilliant blue R-250. Filter steril-
ize before use and store at room temperature.

.5 mL HiTrap Desalting column from GE Healthcare,

Buckinghamshire, UK.

. Centrifugal concentrator, 10,000 Da molecular weight cut

off (mwco) from Sartorius Stedim Biotech, Surrey, UK.

. Ton exchange binding buffer: 50 mM Tris-HCI and 20 mM

NaCl at pH 7.4. Store at 4°C.
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2.1.6. lon Exchange
Chromatography

2.1.7. Size Exclusion
Chromatography

2.2. GST-Tagged
Annexin V

2.2.1. Bacterial Growth
and Induction of GST-
Annexin V Expression

2.2.2. Harvesting and Lysis
of Bacterial Cultures

2.2.3. Binding
of GST-Tagged ANXV
to GSTrap FF Column

2.2.4. On-Column
Cleavage of GST-Tagged
ANXV

2.2.5. Purification
of Annexin V

2.2.6. Analysis of Annexin
V Purification

. POROS HQ 50 um column from Applied Biosystems, Foster

City, CA, USA.

. Ton exchange binding buffer: 50 mM Tris—HCIl and 20 mM

NaCl at pH 7.4. Store at 4°C.

. Ion exchange elution buffer: 50 mM Tris-HCl and 1 M NaCl

at pH 7.4. Store at 4°C.

. Centrifugal concentrator, 10,000 Da mwco from Sartorius

Stedim Biotech, Surrey, UK.

. Superdex 75 10/300 GL column from GE Healthcare,

Buckinghamshire, UK.

. Labeling buffer: 20 mM Sodium Bicarbonate, 100 mM NaCl,

and 1 mM EGTA at pH 7.0. Store at 4°C.

. E. coli strain BL21 harboring a pGEX vector (GE Healthcare,

Buckinghamshire, UK) containing the cDNA encoding
annexin V cloned downstream and in frame with the GST
gene.

. LB Media: to 700 mL of dH,0, add 10 g bacto-tryptone, 5 g

yeast extract, and 10 g NaCl; adjust pH to 7.5 with NaOH
and make up to 1 L with dH,O. Autoclave in two 1 L conical
flasks sealed with a bung and covered with foil.

. Ampicillin: prepare at a concentration of 100 mg/mL in

water. Store at —20°C (see Note 5).

. IPTG: prepare a 1 M solution in water and sterilize using a

0.22 pm syringe filter. Store at -20°C.

. GST-binding buffer: 1x PBS pH 7.4. Store at 4°C.

. GST-binding buffer: 1x PBS pH 7.4. Store at 4°C.
. 0.22 pum syringe filter: Millipore, Watford, UK.

.5 mL GSTrap FF Column from GE Healthcare,

Buckinghamshire, UK.

. GST-binding buffer: 1x PBS pH 7.4. Store at 4°C.

. Thrombin protease: prepared in 100 unit aliquots in GST-

binding buffer. Store at —-80°C.

. GST-binding buffer: 1x PBS at pH 7.4. Store at 4°C.

. GST-binding buffer: 1x PBS at pH 7.4. Store at 4°C.
. GST-elution buffer: 50 mM Tris—-HCI and 10 mM reduced

glutathione at pH 8.0.

. See Subheading 2.1.4.
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2.2.7. Buffer Exchange
of Annexin V

2.3. Production of
Labeled Annexin V

2.3.1. Annexin V Labeling
Reaction

2.3.2. Removal
of Unconjugated Dye

2.4. Detection
of Apoptotic Cells

2.4.1. In Vitro: FACS

2.4.2. InVivo: DARC

. Labeling buffer: 20 mM Sodium Bicarbonate, 100 mM NaCl,

and 1 mM EGTA, pH 7.0. Store at 4°C.

.Hi Trap Desalting column from GE Healthcare,

Buckinghamshire, UK.

. Centrifugal concentrator, 10,000 Da mwco from Sartorius

Stedim Biotech, Surrey, UK.

2. Bradford reagent from Sigma Aldrich, Dorset, UK.

. Fluorescent dye: From Dyomics, Jena, Germany. Store at

-20°C in the dark.

. Disposable PD-10 Desalting Columns from GE Healthcare,

Buckinghamshire, UK.

. Labeling buffer: 20 mM Sodium Bicarbonate, 100 mM NaCl,

and 1 mM EGTA at pH 7.0. Store at 4 °C.

. Fluorescent Annexin V — prepare a 100 pg/mL solution in

1x PBS at pH 7.4. Store in the dark at 4°C.

. Propidium Iodide (PI) — prepare a 100 pg/mL solution in 1x

PBS at pH 7.4 and filter sterilize using a 0.22 pm syringe fil-
ter. Store in the dark at 4°C.

. 10x Binding buffer — 100 mM HEPES pH 7.4, 1.4 M NaCl,

and 25 mM CaCl,. Use at 1x by diluting 1 part of 10x bind-
ing buffer with nine parts of distilled water.

. 1x PBS at pH 7.4. Store at 4°C.

. Fluorescent Annexin V — 2.5 pug in 5 uL. of 1x PBS. Store in

the dark at 4°C.

3. Methods

3.1. Untagged Annexin V

3.1.1. Bacterial Growth
and Induction of Untagged
Annexin V Expression

. Inoculate 10 mL of sterile LB containing ampicillin (100 ug/

mL) with a single colony of BL21 containing the annexin V
expression vector. Incubate the starter culture overnight at
37°C and 180 rpm.

. Add 5 mL of the starter culture to a 1 L flask containing

500 mL of LB /ampicillin (100 pug/mL) and incubate at 37°C
and 180 rpm until an OD of 0.6 is reached at A

600°

. To induce expression of annexin V, IPTG is added at a final

concentration of 1 mM and the cultures are incubated for a
turther 2 h at 37°C and 180 rpm.
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3.1.2. Harvesting and Lysis
of Bacterial Cultures

3.1.3. Lipid Binding
Enrichment of Annexin

3.1.4. Analysis of Samples
by SDS-PAGE

. Decant the cultures into centrifuge bottles and centrifuge for

20 min at 3,000 x4. Remove the supernatant and freeze the
pellets at —80°C until needed.

. Resuspend the pellets in a total of 20 mL of prechilled lipid

binding buffer and sonicate on ice for 45 s (see Note 6). Mix
the bacterial suspension by inverting and repeat the sonication
step twice more. Transfer the cell lysate to a centrifuge tube.

. To separate the annexin rich insoluble fraction from the solu-

ble fraction of the cell lysate the sample is centrifuged at
36,000 x4, 4°C for 25 min.

. Remove the supernatant and retain for analysis and allow

good drainage of the pellet to remove as much of the super-
natant as possible (see Note 7).

The following section of the purification method relies upon the
ability of the annexin V to bind PS in a calcium-dependent man-
ner. The endogenous PS of the bacterial lysate is utilized.

1.

Fully resuspend the pellet in 20 mL of lipid binding buffer
using a dounce homogeniser and transfer to a centrifuge tube
(see Note 8).

. Centrifuge the sample for 25 min at 36,000 x g, 4°C. Remove

the supernatant and retain for analysis.

. Repeat the first two steps at least a further four times to

remove any unbound proteins (see Note 9).

. To elute the calcium-dependent lipid bound proteins from

the pellet, resuspend it in 20 mL of lipid elution buffer
(see Note 10) and centrifuge for 25 min at 36,000 x g, 4°C.

. The annexin will now be present in the supernatant (see Note

11). Retain both the supernatant and the pellet for analysis
and further processing.

. Add 10 pL of sample to 10 uL of 2x SDS-PAGE sample buffer

and incubate at 95°C for 5 min. Repeat for all samples col-
lected during the lipid binding enrichment step.

2. Briefly centrifuge the tubes to collect the sample in the bottom.

. Load the 10 pL samples on to a 12% SDS-PAGE gel and run

at 225 V for 45 min in 1x SDS-PAGE running buffer.

. Remove the gel from the glass plates and carefully detach the

stacking gel using a razor blade.

. Place the resolving gel in coomassie blue and incubate on a

rocker at room temperature for 30 min.

. To destain the gel and allow visualization of the proteins,

place the gel in water in a microwavable container and microwave
on high power for 10 min. Ensure that the gel does not dry
out (Fig. 1; see Note 12).
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Fig. 1. SDS-PAGE analysis of annexin V enrichment by lipid binding. The annexin V rich insoluble fraction of the cell lysate
was subjected to repeated washes with lipid binding buffer to remove any unbound protein. Calcium dependent-lipid
binding proteins were eluted from the pellet using lipid elution buffer. The supernatant (S/N) and pellet from each wash
step were analyzed on a 12% SDS-PAGE gel using coomassie blue to visualize the proteins. Annexin V (running
at ~30 kDa) can be seen in pellets 1-5 and is then eluted into supernatant 6.

3.1.5. Desalting

3.1.6. lon Exchange
Chromatography

. Filter the remaining supernatant using a 0.22 um syringe

filter to remove any residual lipids before proceeding to the
column purification steps (see Note 13).

. To ensure the effective binding of proteins to the ion exchange

column, removal of salt from the protein sample must be per-
formed. The use of a desalting column is a quick and easy way
to achieve this.

. Concentrate the sample to 1.5 mL by centrifugation in a cen-

trifugal concentrator at 3,000 x g, 4°C.

. Manually equilibrate the HiTrap Desalting column with

20 mL of prechilled-ion exchange binding buffer, using a
syringe (see Note 14).

. Load the annexin V onto the column in exactly 1.5 mL

(see Note 15). Discard the flow through.

. Elute the annexin V from the column with 2 mL of prechilled

ion exchange binding buffer. Collect the 2 mL-eluate.

. The remaining sections of the purification protocol assume

the use of an FPLC to generate an accurate salt gradient and
to monitor protein elution over the column runs.

. Equilibrate the POROS HQ 50 um column with 2 column

volumes of ion exchange binding buffer at a flow rate of
3 mL/min.

. Load the protein onto the column (see Note 16) and remove

any unbound protein by washing the column with ion
exchange binding buffer and monitor the elution of the
unbound protein by absorbance at A, . Stabilization of the
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3.1.7. Size Exclusion
Chromatography

3.2. GST-Tagged
Annexin V

3.2.1. Bacterial Growth
and Induction of GST-
Annexin VV Expression

3.2.2. Harvesting and Lysis
of Bacterial Cultures

3.2.3. Binding
of GST-Tagged ANXV
to GSTrap FF Column

—

baseline indicates the removal of all unbound protein. Collect
eluate in 1 mL fractions.

. To elute the bound protein from the column gradually, a salt

gradient is used. Elute the bound protein using a gradient of
0-100% elution buffer (0—1 M salt) over 200 column volumes
(see Note 17). Collect eluate in 1 mL fractions.

. Once the gradient has reached 100%, continue to run until all

remaining protein has eluted from the column. Collect eluate
in 1 mL fractions.

. Analyze the fractions by SDS-PAGE, see Subheading 3.1.4

(Fig. 2).

. Concentrate the annexin V-containing fractions to 250-

500 uL by centrifugation at 3,000 x g and 4°C in a centrifugal
concentrator.

. Equilibrate the Superdex 75 column with 1.5 column vol-

umes of labeling buffer, at a flow rate of 0.5 mL/min.

. Load the protein on to the column and wash with 1.5 col-

umn volumes of labeling buffer, at a flow rate of 0.5 mL/
min. Collect eluate in fractions of 0.5 mL.

. Analyze the fractions by SDS-PAGE and Coomassie staining,

see Subheading 3.1.4 (Fig. 3).

. Inoculate 10 mL of sterile LB containing ampicillin (100 pug/

mL) with a single colony of BL21 containing the GST-
annexin V expression vector. Incubate the starter culture
overnight at 37°C and 180 rpm.

. Using 5 mL of the starter culture, inoculate two 1 L flasks

each containing 500 mL of LB /ampicillin (100 pg/mL).

. Incubate the cultures at 37°C and 180 rpm for 4-5 h.

. To induce expression of annexin V, IPTG is added at a final

concentration of 1 mM and the cultures are incubated over-
night at 16°C and 180 rpm (see Note 18).

. Harvest and store the cultures according to Subheading 3.1.2.
. Resuspend the pellet in 20 mL GST-binding buffer and lyse

by sonication as described in Subheading 3.1.2.

. Separate the soluble and insoluble fractions of the cell lysate

by centrifugation at 36,000 x4 and 4°C for 25 min.

. Pass the soluble fraction through a 0.22-um syringe filter to

further clarity the sample.

. Manually equilibrate the GSTrap FF column with 20 mL pre-

chilled GST-binding bufter using a syringe.
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Fig. 2. Purification of annexin V using anion exchange chromatography and analysis by SDS-PAGE. (a) FPLC chromato-
gram showing the purification of annexin V using a POROS HQ 50 um column. The y-axis shows absorbance at 280 nm
while the x-axis shows the volume of buffer passed through the column in milliliters. The trace represents the elution of
protein from the column measured atA,, . The diagonal line shows the progression of the elution gradient (0—1 M NaCl)
over the run. The broken vertical lines indicate the regions of the run where fractions were collected and the numbered
gray boxes show the fractions taken forward for analysis by SDS-PAGE. (b) SDS-PAGE analysis of the fractions indicated
on the FPLC trace. The fractions were separated on a 12% SDS-PAGE gel, which was subsequently stained using coo-
massie blue. Fraction 1 was shown to contain annexin V.

2. Slowly apply the soluble fraction onto the column at approx-
imately 1-5 mL/min to allow maximal binding of the GST-
tagged annexin V to the resin. Collect the flow-through for
analysis.
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Fig. 3. Purification of annexin V using size exclusion chromatography and analysis by SDS-PAGE. (a) FPLC chromatogram
of the size exclusion chromatography run using a Superdex 75 10/300 GL column. The y-axis shows the measurement
of absorbance at 280 nm. The x-axis shows the volume of buffer passed through the column in milliliters. The blue trace
represents the A, - and illustrates protein eluting from the column. The eluate collected as fractions is indicated by the
red lines and the gray box shows those fractions analyzed by SDS-PAGE. (b) The fractions indicated by the gray box were
pooled and analyzed on a 12% SDS-PAGE gel. Coomassie blue was used to visualize the protein.

3. Wash the column with 50 mL of prechilled GST-binding buf-
fer to remove any unbound protein. Collect the flow-through
fraction for analysis.
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3.2.4. On-Column
Cleavage of GST-
Tagged ANXV

3.2.5. Purification
of Annexin V

3.2.6. Analysis of Annexin
V Purification

3.2.7. Buffer Exchange
of Annexin V

100
75

50
37

kDa

25
20

. Make up 100 units of thrombin protease in 5 mL of prechilled
GST-binding buffer (see Note 19).

. Load the thrombin solution onto the GSTrap FF column
using a syringe and discard the flow through.

. Replace the column stoppers and incubate for 18-24 h at 22°C.

. Elute the annexin V from the GSTrap FF columnin 10 x1 mL
fractions of prechilled GST-binding buffer. Keep the fractions
on ice.

. Remove the GST and any remaining GST-tagged annexin V
from the column by elution in 10 mL of prechilled GST-
elution buffer. Retain the eluate for analysis.

. Add 5 pL of sample to 5 puL of 2x SDS-PAGE sample buffer
and incubate at 95°C for 5 min. Repeat for all samples
collected during the purification process.

. Analyze the sample according the method in Subheading 3.1.4
(see Note 20; Fig. 4).

. Manually equilibrate the HiTrap Desalting column with
20 mL of prechilled labeling buffer using a syringe.

. Load the annexin V onto the column in exactly 1.5 mL (see
Note 21). Discard the flow-through fraction.

. Elute the annexin V from the column in 2 mL of prechilled-
labeling buffer. Collect the 2 mL of eluate. The annexin V
will now be in labeling buffer.

&
Binding Buffer Eluate (\Q’é@

F oy
1 o3 5 7 9 &

«—GST-Annexin V

<«—Annexin V
«—GST

Fig. 4. SDS-PAGE analysis of annexin V purification via a GST-fusion protein. The soluble fraction of the cell lysate was
applied to a GSTrap FF column and the flow through collected. Any unbound protein was eluted with binding buffer and
retained. Bound GST-tagged annexin V was cleaved overnight with thrombin protease. Annexin V was eluted from the
column in binding buffer while the GST-tag and any remaining GST-tagged annexin were eluted with elution buffer and
retained. Fractions were analyzed on a 12% SDS-PAGE gel and visualized using coomassie blue. The flow through and
wash samples show very little presence of GST-tagged annexin V (~62 kDa). Following cleavage, large amounts of
annexin V can be seen in the binding buffer eluate, while the presence of GST-tagged annexin V in the elution buffer elu-
ate indicate incomplete cleavage of the GST-tagged annexin V.
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3.3. Production
of Labeled Annexin V

3.3.1. Annexin V Labeling
Reaction

3.3.2. Removal
of Unconjugated Dye

3.4. Detection
of Apoptotic Gells

3.4.1. In Vitro: FACS

3.4.2. In Vivo: DARC

There are many types of fluorescent dyes available with widely
varying wavelengths and different conjugation chemistry (see
Note 22). The dye described in this chapter was purchased from
Dyomics and requires the use of the protocol below; however, if
dye is purchased from an alternative source it is recommended
that the manufacturer’s instructions are followed.

1.

Concentrate the annexin V to approximately 1-2 mg/mL by
centrifugation at 3,000x 4 and 4°C in a centrifugal concentrator.

. Resuspend 1 mg of the dye in 100 pI. DMF and invert to

mix.

. Transfer the concentrated annexin into a foil wrapped tube.

Add the dye to the annexin at a molar ratio of 3:1 and shake
gently at room temperature for 2 h to allow conjugation.

. Equilibrate the PD-10 column with 25 mL of labeling buffer,

discarding the flow through.

2. Make the labeled annexin V up to 2.5 mL in labeling buffer.

6.
7.

. Load the labeled annexin V into the PD-10 column, discarding

the flow through.

. Once 2.5 mL of solution has entered the column, completely

add 3.5 mL oflabeling buffer and collect the resulting 3.5 mL
of column flow through. This should contain the labeled
annexin, but no unconjugated dye.

. Following the induction of apoptosis using your chosen

method, wash the cells twice in ice cold 1x PBS.

. Resuspend the cells in 100 pL of 1x binding buffer and count the

number of cells using a hemocytometer, diluting accordingly.

. Dilute cells to achieve a concentration of 1 x 10°¢ cells/mL.

. Transfer 100 uL of the cell suspension (1 x 10° cells) to a microfuge

tube and add 5 pg of labeled-annexin V and 5 pL. PL.

. Mix the contents of the tube by gently vortexing and incu-

bate for 15 min in the dark and at room temperature.
Add 400 pL of 1x binding buffer.
Analyze by flow cytometry within 1 h of preparation.

The following protocol describes the application of DARC in the
rat — appropriate modifications would need to be made for other
species, tissues, or tumors.

1.

To generate a baseline image for comparison, image the retina
using a confocal scanning laser ophthalmoscope, exciting at
495 nm and emitting at 520 nm (see Note 23) with imaging
software to compensate for eye movements and improve the
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signal-to-noise ratio Following the induction of apoptosis
using your chosen method, inject 5 pL of fluorescently labeled-
annexin V, into the vitreous of the eye using a 34-gauge needle.
5 uL of saline should be used as the control.

2. Allow 2—4 h for the protein to diffuse across the vitreous to
the retina.

3. Reimage the retina using the settings mentioned previously
(Fig. 5).

Right Eye Left Eye

Saline + Staurosporine +
Annexin V Annexin V

Baseline Baseline

2 hours 2 hours

Fig. 5. Analysis of Staurosporine induced apoptosis using DARC. Retinal imaging of the left and right eyes of a Dark Agouti
rat (200 g) was performed using a confocal scanning laser ophthalmoscope to obtain a baseline fluorescence (excitation
— 495 nm; emission — 520 nm) reading. The left eye was injected with 2.5 g of annexin V labeled with fluorescein isothio-
cyanate (annexin V-FITC) and 1 ng staurosporine (to induce apoptosis) in a total volume of 5 pL. The right eye was injected
with 2.5 ug of annexin V-FITC made up to 5 uL in sterile saline. Retinal imaging was performed after 2 h. The white spots,
indicating apoptosis of retinal ganglion cells, can be seen only in the eye treated with annexin V-FITC and staurosporine.
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4. Notes

10.

11.

12.

13.

14.

15.

. All bufters should be prechilled.

. All fractions should be kept on ice when in use and stored at

4°C.

. All fluorescent material should be kept in the dark.

. Annexin V is known to aggregate at high concentrations;

therefore it is not recommended to concentrate the protein
any higher than 2 mg/mL. The protein is also prone to
aggregation in the presence of high levels of calcium.

. The use of ampicillin as an antibiotic for selection of trans-

formed bacterial cells is only an example. Alternative expres-
sion vectors may require the use of a different antibiotic.

. Do not allow the bacterial suspension to bubble during soni-

cation as this will lead to inefficient cell lysis and protein
denaturation.

. Remove as much of the supernatant as possible as it contains

the majority of the contaminating bacterial proteins.

. Wash out the dounce homogeniser with a little excess buffer

after each resuspension step to maximize yields.

. More wash steps can be added to obtain a cleaner annexin V

prep, but will result in low yields.

Less buffer can be used to resuspend the pellet in the elution
step if a more concentrated annexin V sample is required.

Following the final centrifuge spin, the supernatant must be
decanted from the pellet as soon as the run has ended to prevent
the contamination of the sample with lipids. Failure to do this
will result in difficulties when attempting to filter sterilize the
sample in the next step.

Annexin V runs at approximately 30-32 kDa on an SDS-PAGE
and not the expected 36 kDa.

Any residual lipids in the supernatant will clog the 0.22-um
filter during this clarification step. More than one filter is
usually required.

Manual application of buffer and /or samples to columns with
a syringe should be performed in a drip-wise manner.

The desalting can either be performed as a single step with
the whole sample or the sample can be divided into 1.5 mL
fractions and a number of desalting steps can be performed.
If the latter option is chosen a superloop will be required to
load the sample onto the POROS column. Alternatively,
a further concentration step can be performed to reduce the
sample volume.
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16.

17.
18.

19.

20.

21.

22.
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Chapter 25

Measurement of DNA Damage in Individual Gells Using
the Single Cell Gel Electrophoresis (Comet) Assay

Janet M. Hartley, Victoria J. Spanswick, and John A. Hartley

Abstract

The Single Cell Gel Electrophoresis (Comet) assay is a simple, versatile and sensitive method for measuring
DNA damage in individual cells, allowing the determination of heterogeneity of response within a cell
population. The basic alkaline technique described is for the determination of DNA strand break damage
and its repair at a single cell level. Specific modifications to the method use a lower pH (‘neutral® assay),
or allow the measurement of DNA interstrand cross-links. It can be further adapted to, for example,
study specific DNA repair mechanisms, be combined with fluorescent in situ hybridisation, or incorporate
lesion specific enzymes.

Key words: Single cell gel electrophoresis (Comet) assay, Comet assay, DNA strand breaks,
DNA interstrand cross-links, DNA repair

1. Introduction

The Single Cell Gel Electrophoresis (Comet) assay is a method
for measuring single and double strand breaks in DNA. It was
originally developed by Ostling and Johanson (1) as a method
which allows visualisation of DNA damage in individual cells. In
their assay, cells were lysed and electrophoresed at a pH of 10.
A few years later Singh et al. (2) used a similar method under
more alkaline conditions. Since then the method has become
widely adopted for a range of applications from basic science
through to clinical medicine (3-8). The principles of the assay
have recently been reviewed in detail (9).

The basic alkaline technique described in this chapter is for
the determination of DNA strand break damage and its repair at
a single cell level. It is a simple, versatile, economic and sensitive
method for measuring DNA damage and since analysis is made in

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_25, © Springer Science+Business Media, LLC 2011
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individual cells, an important feature is that heterogeneity of
response within a cell population can be determined. Another
advantage is that relatively few cells are needed.

Specific modifications to the method use a lower pH (‘neutral’

assay), or allow the measurement of DNA interstrand cross-links such
as those produced by a number of cancer chemotherapeutic agents
(10). It can be further adapted to, for example, study specific DNA
repair mechanisms (11), be combined with fluorescent in situ hybridi-
sation (12, 13), or to incorporate lesion specific enzymes (14).

2. Materials

2.1. Cell Preparation
and Drug Treatment

2.1.1. Suspension Cell Lines

2.1.2. Adherent Cell Lines

2.2. Single Cell Gel
Electrophoresis
(Comet) Assay

2.3. Staining
and Visualisation

w

NI S

. Appropriate tissue culture medium.
. L-glutamine (Autogen Bioclear, Calne, UK).
. Foetal Calf Serum (FCS) (Autogen Bioclear).

. Appropriate tissue culture medium.

. L-glutamine (Autogen Bioclear).

. FCS (Autogen Bioclear).

. Trypsin/ethylenediaminetetraaceticacid (EDTA) (1x) (Autogen

Bioclear).

. Single-frosted glass microscope slides and glass 24 x40 mm

coverslips.

2. Agarose, Type 1-A (Sigma, Poole, UK).

. Agarose, Type VII: low gelling temperature (LGT) (Sigma).

4. Lysis buffer: 100 mM disodium EDTA, 2.5 M NaCl, 10 mM

Tris-HCI; pH is adjusted to 10.5-11.0 with sodium hydrox-
ide pellets. 1% triton X-100 to be added immediately before
use. Store at 4°C.

. Alkali buffer: 50 mM NaOH and 1 mM disodium EDTA at

pH 12.5. Caution: Corrosive. Store at 4°C.

. Neutralisation buffer: 0.5 M Tris-HCl at pH 7.5. Store at 4°C.

7. Phosphate buffered saline (PBS) at pH 7.4. Store at 4°C.

. Flat bed electrophoresis. This should be of sufficient size to hold

a large number of slides e.g. 30x25 cm gel tank from Flowgen
Bioscience, Nottingham, UK, which holds up to 45 slides.

. Propidium iodide (Sigma), 2.5 ug/mL. Make up fresh before

use. Caution: Toxic and light sensitive.

. Glass coverslips, 24 x40 mm.
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. Double distilled water.

. Epi-fluorescence microscope equipped with high pressure

mercury light source using a 580 nm dichroic mirror, 535 nm
excitation filter and 645 nm emission filter for propidium
iodide staining (e.g. Olympus BX51 inverted microscope
with Olympus U-RFL-T mercury lamp and Sony XCD-X710
digital camera).

. Images are visualised, captured and analysed using a suitable

image analysis system. Our laboratory uses Komet 5.5 analysis
software from Andor Technology, formerly Kinetic Imaging
(Belfast, UK) (see Note 1).

3. Methods

3.1. Gell Preparation
and Drug Treatment

3.1.1. Suspension Cell Lines

3.1.2. Adherent Cell Lines

1.

. Exponentially growing cells should be used at a density of

2.5-3.0x10* cells/mL in the appropriate medium containing
2 mM glutamine and 10% FCS.

2. Where appropriate, a minimum of 2 mL cells are treated with

the DNA damaging agent and incubated for the appropriate
time at 37°C in a humidified atmosphere with 5% carbon
dioxide (see Note 2).

. Pellet cells by centrifugation at 200x 4 for 5 min at room

temperature.

. Remove supernatant and re-suspend cells in 2 mL of fresh

drug-free medium containing 2 mM glutamine and 10% FCS
maintained at 4°C.

. Alternatively, if required, re-suspend cells in the above

medium at 37°C and incubate cells for the required post-
treatment time, prior to step 4 (see Note 3).

. Cells are now ready to be processed as described in

Subheading 3.2, step 2.

. Alternatively, cells can be frozen and stored at —-80°C follow-

ing treatment with the DNA damaging agent. This allows
samples to be taken at different time points e.g. for repair
studies (Step 5). The samples can then be processed in a sin-
gle assay reducing the possibility of inter-assay variation.
Following treatment, centrifuge the cells at 200 x 4 for 5 min
at 4°C. Discard the supernatant and re-suspend the pellet in
2 mL freezing mixture (FCS containing 10% dimethylsul-
phoxide) (Sigma). Aliquot into 2x1 mL freezing vials and
freeze at -80°C (see Notes 4 and 5).

Exponentially growing cells are treated with DNA damaging
agent (where appropriate) and incubated for the required
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3.2. Alkaline Single
cell Gel
Electrophoresis
(Comet) Assay

time at 37°C in a humidified atmosphere with 5% carbon
dioxide (see Note 2).

. Ifa post-treatment incubation is required remove medium and

replace with fresh medium at 37°C and incubate cells using the
above conditions for the required time (see Note 3).

. After the appropriate incubation, carefully remove the media

and trypsinise cells with tryspin/EDTA solution until all cells
have rounded up and detached (see Note 6).

. Neutralise trypsinisation by the addition of fresh media con-

taining 2 mM glutamine and 10% FCS.

. Transfer cells to a universal tube, wash twice with media con-

taining 2 mM glutamine and 10% FCS maintained at 4°C by
centrifuging at 200 x4 for 5 min at 4°C.

. Cells are now ready to be processed as described in

Subheading 3.2, step 2.

. Alternatively, cells can be frozen and stored at -80°C as

described in Subheading 3.1.1, step 7 and the Single Cell Gel
Electrophoresis (Comet) assay performed at a later date.

Important: All stages of this assay should be carried out on ice
under subdued lighting, solutions maintained at 4°C and incuba-
tions performed in the dark where indicated (see Note 7).

The method described uses slides prepared by the operator.

Commercial kits are also available (see Note 8).

1.

Pre-coat microscope slides with 1% type 1-A agarose in water
by pipetting 1 mL of molten agarose onto the centre of the
slide and place a coverslip on top. Allow to set and remove
the coverslip. Slides are then allowed to dry overnight at
room temperature. The slides must be dry before use (see
Note 9).

. Cells to be analysed are diluted to 2.5-3.0x 10* cells/mL in

the appropriate medium at 4°C as a single cell suspension.
1-2 mL of cells are required for each data point of the assay.

. Take 0.5 mL of the cells and put in a 24-well plate on ice.

Add 1 mL of molten 1% LGT agarose in water cooled to
40°C, mix, pipette 1 mL onto the centre of the slide on ice
and place a coverslip on top (see Note 10). Once set, remove
coverslip and place in a tray on ice. Duplicate slides should
be prepared (see Note 11).

. Add ice cold lysis buffer containing 1% triton X-100 ensuring

that all slides are sufficiently covered.

. Incubate on ice for 1 h in the dark.

. Carefully remove lysis buffer ensuring that the gels are intact

and remain on the slides (see Note 12).



3.3. Staining
and Visualisation

10.

11.

12.

13.
14.
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. Add ice cold double distilled water to completely cover the

slides. Incubate on ice for 15 min in the dark. This should
then be repeated a further three times.

. Remove slides from tray and transfer carefully to an electro-

phoresis tank (see Note 13).

. Cover slides with ice cold alkali buffer and incubate for 45 min

in the dark (see Note 14).

Electrophorese for 25 min at 18 V (0.6 V/cm), 250 mA.
This must be carried out in the dark (see Note 15).

Carefully remove slides from the buffer and place on a hori-
zontal slide rack.

Flood each slide twice with 1 mL neutralisation buffer and
incubate for 10 min.

Rinse slides twice with 1 mL PBS and incubate for 10 min.

Remove all excess liquid from slides and allow to dry over-
night at room temperature.

. Re-hydrate slides in double distilled water for 30 min.

2. Flood each slide twice with 1 mL 2.5 pug/mL propidium

iodide solution and incubate for at least 30 min at room
temperature in the dark (see Note 16).

. Rinse slides twice with double distilled water for 10 min and

once for 30 min.

4. Allow slides to dry at 40°C in the dark (see Note 17).

. Once dry, place a few drops of distilled water onto the slide

and cover with a coverslip (see Note 18).

. Examine and record the data from individual cells at 20x

magnification (Fig. 1) analysing a minimum of 25 images per
duplicate slide (i.e. minimum 50 in total) (see Note 19).

. Data can be expressed in a number of ways including;:

Tail length
% DNA in the tail
Tail moment (% DNA in tail x tail length)

Olive tail moment (% DNA in tail xdistance between the

means of head and tail distributions) based on the definition
of Olive et al. (15)

Many of the commercial software packages will calculate and
store these parameters (see Subheading 2.3, Step 5 and
Note 1).

. Remove the coverslip and store slides in a light-proof box at

room temperature (see Note 20).
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3.4. Modifications

Undamaged cell

Cell irradiated with 12.5 Gy X-rays

Cell treated with a DNA cross-linking agent
and irradiated with 12.5 Gy X-rays

Fig. 1. Typical comet images from human cells in the alkaline comet assay as described.
The upper panel shows an undamaged cell with the majority of the DNA in the comet
head. The centre panel shows a cell which has been irradiated with 12.5 Gy X-rays
resulting in approximately 40% of the DNA in the tail. In the lower panel the cell was
treated with a DNA cross-linking agent (melphalan) prior to irradiation with 12.5 Gy. The
decrease in tail moment compared to irradiation alone is as a result of the interstrand
cross-links retarding the migration of the fragmented DNA.

1. ‘Neutral” assay

The assay is essentially the same as the alkaline assay, but cells
are lysed at a lower pH and electrophoresed in either TBE or
Tris acetate buffer pH 8-9 (16, 17).

2. Detection of DNA Interstrand Cross-links.

(a) The comet assay is carried out as described in
Subheading 3.2 but at step 2 cells are divided into two
aliquots. One aliquot is irradiated with the required dose
of X-rays to induce a fixed level of single strand breaks.
The second aliquot is the unirradiated control for each
sample (see Notes 21-23).

(b) Following image analysis the % decrease in tail moment
is calculated using the formula:

o TMdi - T™
%Decrease in tail moment=| 1 — (Mj x 100
TMci— TMcu
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% Decrease in tail moment = | 1 —
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where TMdi, taill moment of post-dose irradiated sample;
TMcu, tail moment of pre-dose unirradiated control; TMci,
tail moment of pre-dose irradiated control.

(c) Insamples treated under conditions that can also produce
strand breaks e.g. combination of a cross-linking agent
with an agent known to produce single strand breaks e.g.
gemcitabine, cross-linking is expressed as percentage
decrease in tail moment compared to irradiated controls
calculated by the formula below. This formula is used to
compensate for the additional single strand breaks induced
by agents such as gemcitabine in addition to those pro-
duced by the irradiation step.

( (TMdi - T™eu))
L(TMci ~ TMcu )+ (TMdu - TMcu))

x 100

where, TMdi is the tail moment of drug treated irradiated
sample; TMcu, tail moment of untreated unirradiated con-
trol; TMci, tail moment of untreated irradiated control; and
TMdu, tail moment of drug treated unirradiated sample.

(d) The percentage decrease in tail moment is proportional
to the level of DNA cross-linking.

. Repair assays

(a) The time course of repair of strand breaks in DNA, or
the formation and ‘unhooking’ of DNA interstrand
cross-links, can be followed (see Notes 3, 4, and 24)
(Fig. 2).

(b) The excision repair ability of cells can be studied by the
addition of viable cell extracts to the naked DNA on the
slide following lysis (11).

. Comet-FISH

This technique combines the Comet assay with fluorescence
in situ hybridisation (FISH) allowing detection of region spe-
cific DNA damage and repair in individual cells. The hybridi-
sation step is added following the lysis and electrophoresis
steps of the Comet assay so that specific sequences can be
labelled and assigned to either the damaged or undamaged
part of the DNA comet (12, 13).

. Enzyme-Comet Assay

To reveal damage such as oxidised bases or UV-induced dim-
ers, single strand breaks can be created at these sites using
lesion specific endonucleases or glycosylases, after lysis of the
cells. For example, endonuclease III recognises oxidised
pyrimidines, formamidopyrimidine glycosylase (FPG) recog-
nises oxidised purines and T4 endonuclease V, UV induced
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Fig. 2. (a) DNA strand breaks, expressed as % DNA in comet tail, following irradiation of
human cells with increasing doses of X-ray up to 20 Gy. The results are the mean from
50 cells (25 cells from two duplicate slides) at each point. (b) The formation and repair
(‘unhooking’) of melphalan-induced DNA interstrand cross-links in A549 human non-
small cell lung cancer cells. Cells were treated with 50 uM melphalan for 1 h, then
incubated in drug-free medium and samples taken at various time points. Results are
expressed as percentage decrease in tail moment for 50 cells analysed (mean + stan-
dard error). Peak of DNA interstrand crosslink formation (expressed as the % decrease
in tail moment compared to the irradiated controls — see Subheading 3.4.2) observed
16 h following a 1-h treatment with melphalan. This is followed by significant repair of
melphalan-induced DNA interstrand cross-links at 24 and 48 h post-treatment.

cyclobutane pyrimidine dimers. Following enzyme treatment
on the slide the assay continues as usual with the electropho-
resis, neutralisation and staining steps (14).

4. Notes

1. Other Comet analysis programmes are available incorporating
all major measurement parameters such as percentage head/
tail DNA, tail length and Olive tail moment, for example
Comet Assay 1V, Perceptive Instruments, Haverhill, UK and
LAI Comet Analysis System (LACAS), Loats Associates
Incorporated, Westminster, Maryland, USA. Automatic analy-
sis programmes are available allowing unattended automatic
comet acquisition and measurement of comet parameters, for
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example Metafer CometScan, Metasystems, Altlussheim,
Germany and AutoComet I11, TriTek Corporation, Sumerduck,
Virginia, USA.

. If a DNA damaging agent is used, which needs to be recon-
stituted in solvents such as dimethylsulphoxide, the final con-
centration of solvent added to the cells should be no greater
than 0.1%. This is to avoid any additional DNA damage or
cytotoxicity.

. The length of the post-treatment time is dependent on the
DNA damaging agent used. A time-course experiment should
be performed to ascertain this. For example, some agents
produce DNA damage rapidly (X-rays) whereas others such
as the cross-linking agent melphalan requires a post-incubation
of 16 h to reach the peak of interstrand cross-link formation.
For repair experiments the post-treatment time can be fur-
ther extended beyond the peak of damage.

. Samples should be re-suspended fully in the freezing mixture
to prevent DNA damage or cytotoxicity. This should be car-
ried out by gently resuspending the sample using a Pasteur
pipette rather than vortexing.

. Our laboratory has validated the effects of long-term storage
at -80°C and samples can be stored up to 12 months without
any detrimental effects to the integrity of the cells and DNA.

. Trypsinise cells at 37°C as quickly as possible to avoid any
additional DNA damage and to prevent any DNA repair.
Alternatively a non-enzymatic preparation can be used such
as cell disassociation solution (Sigma). It is imperative that a
single cell suspension is achieved. If several cells migrate
together through the gel, an overestimated comet tail moment
can result.

. It is imperative that the comet assay should be performed on
ice to prevent any DNA repair, and in subdued lighting and
incubations carried out in the dark where indicated to avoid
light-induced DNA damage. All solutions should be ice cold
and maintained at 4°C.

. Reagent kits for the Single Cell Gel Electrophoresis (Comet)
assay are available (CometAssay™, Trevigen Incorporated,
Gaithersburg, Maryland, USA and CometAssay™, R & D
Systems, Abingdon, UK). These kits contain precoated
Comet slides, LGT agarose, lysis solution, EDTA and SYBR®
Green I nucleic acid gel stain and provide enough reagents
for 25 slides. The assay protocols for these kits have not how-
ever been optimised for individual requirements. For exam-
ple, lysis, alkali denaturation and electrophoresis incubation
times are not standardised and require significant optimisa-
tion by the user to achieve consistent results. Also such kits
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10.

11.

12.

13.

14.

15.

16.

are significantly more expensive when compared to purchasing
and preparing reagents individually.

. Precoated slides should be prepared and dried in advance.

Slides can be stored dry at room temperature for up to
6 months in an airtight container.

When sample sizes are small, the sample and gel size may be
reduced. Take 100 pL cell suspension at a final concentration
of 2.5x10*/mL and add to a 96-well plate. Add 200 uL of
molten 1% LGT in water cooled to 40°C, mix and pipette
300 pL onto the centre of the slide. Place a 13-mm diameter
circular coverslip on top. Once set, remove coverslip and
placeslideinatray onice. Continue assay from Subheading 3.2,
step 4.

Molten 1% LGT agarose should be maintained at 40°C to aid
uniform gel preparation. The thickness of the gel must be
consistent between slides to ensure uniform DNA migration
and reduce assay variability. All gels should have the dimen-
sions of the coverslip. The gel should not flood the entire
slide or the frosted section and should not contain air

bubbles.

A number of protocols have stated that following lysis the slides
can be kept overnight or even days in this solution prior to alkali
DNA unwinding and electrophoresis. We do not advise that
this should be carried out as the gels tend to break up and slip
off the slide. It is therefore recommended that Subheading 3.2,
steps 2—16 should be carried out in a single day.

Slides should be placed in a flat-bed electrophoresis tank
lengthways with the frosted end towards the anode. It is
essential that the tank is levelled and all slides face the same
direction to ensure lack of variability between slides.

The volume of alkali buffer added to the electrophoresis tank
should be consistent from one experiment to the next. It is
advisable to measure the volume of buffer required ensuring
that all slides are covered by at least 5 mm butffer.

These electrophoresis parameters are optimal for our equip-
ment. The current can be adjusted to suit individual
requirements.

The most commonly used fluorescent stains are propidium
iodide and ethidium bromide. The highly sensitive fluoro-
chrome SYBR® Green Inucleic acid gel stain has also been
used successfully. It has the advantage of being far more sensi-
tive that propidium iodide and produces no background fluo-
rescence. However, it fades much more rapidly under intense
UV light. Comet images can also be visualised using silver stain-
ing (CometAssay™ Silver Staining Kit, Trevigen Incoporated,
Gaithersburg, Maryland, USA and CometAssay™ Silver kit,
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21.

22.

23.

24.
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R & D Systems Europe Limited, Abingdon, UK). This can
be carried out after comets have been analysed using other
staining methods and allows visualisation by standard light
microscopy and provides a permanent staining for sample
archiving.

Visualising the slides dry produces optimum results as all the
cells are in the same plane giving clear cellular definition (18).
This is favoured instead of the traditional wet slide method
which can cause difficulties in focusing and quantitation.

Slides should be analysed as quickly as possible. If the cover-
slip is left on for a considerable length of time, it will become
permanently stuck.

Each slide should ideally be scored blind to avoid any bias,
taking care to ensure that comets are measured from the
entire gel area and no part of the slide is analysed more than
once.

Slides may be stored for at least 5 years and re-analysed at any
time as described in Subheading 3.3, steps 5-9. Slides may
also be re-stained as described in Subheading 3.3, steps 14 if
the staining has faded during storage.

A standard curve for irradiation dose in non-drug treated
cells should be performed to establish the optimum radiation
dose for a given cell type. Ideally the dose should give a head
to tail DNA ratio of approximately 1:1. Our laboratory finds
15 Gy X-rays optimum for most cell lines, lymphocytes and
tumour samples (Fig. 2).

Our laboratory uses an AGO HS MP-1 X-ray machine with a
Varian ND1-321 tube to produce X-rays at a dose rate of
2.5 Gy/min.

Each experiment should include an untreated un-irradiated
control. In addition, an untreated irradiated control should
also be included with every group of irradiated samples to
allow for variation. It is also important to determine in the
first instance if the drug under test will produce any detect-
able single strand breaks in addition to cross-links. This may
be achieved by performing the comet assay on drug-treated
cells but excluding the irradiation step. This also applies when
samples are treated in combination with an agent known to
cause single strand breaks.

When the time course of damage and repair of DNA strand
breaks or formation and unhooking of interstrand cross-links
is to be studied, it is advisable to freeze samples at each time
point to allow samples to be analysed within the same assay.
Appropriate controls to account for cell growth should be
included for example at 12-h intervals.
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Chapter 26

Molecular Breakpoint Analysis of Chromosome
Translocations in Cancer Cell Lines by Long Distance
Inverse-PCR

Bjorn Schneider, Hans G. Drexler, and Roderick A.F. MacLeod

Abstract

With conventional cytogenetic screening by fluorescence in situ hybridization (FISH) using genomic
tilepath clones, identification of genes in oncogenic chromosome translocations is often laborious, nota-
bly if the region of interest is gene-dense. Conventional molecular methods for partner identification may
also suffer severe limitations; for instance, genomic PCR screening requires prior knowledge of both sets
of breakpoints, while rapid amplification of cDNA ends (RACE) is not only limited to translocations
causing mRNA fusion, but also fails to provide potentially relevant breakpoint data. With Long Distance
Inverse (LDI)-PCR, however, it is theoretically possible to identify unknown translocation partners and
to map the breakpoints down to the base pair level. Implementing LDI-PCR only requires approximate
sequence information on one partner, rendering it ideal for use in combination with frontline FISH
analysis. The protocol described here has been tuned for use by those wishing to identify new cancer
genes in tumor cell lines.

Key words: Breakpoint, BCL6, IGH, MLL, LDI-PCR, PAX5 translocation

1. Introduction

Chromosomal translocations are key events in tumorigenesis
alongside copy number alterations, such as deletions and amplifi-
cations, respectively causing gene silencing and upregulation.
Translocations have long been deemed diagnostically and prog-
nostically significant in leukemia and lymphoma, and increasingly
so in solid tumors as well (1). Consistent chromosomal rearrange-
ments characterize many different types of cancer.

Hitherto, most cancer genes have been identified following
analysis of recurrent chromosome translocations. The pathologi-
cal significance and usefulness of such rearrangements depends

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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on two key features. The first concerns whether rearrangements
display distinct patterns of recurrence within specific tumors, e.g.,
t(8;14)(q24;q932) which is restricted to B-cell neoplasia; the sec-
ond, how close together (“clustered”) are the chromosomal
breakpoints therein. The significance accorded to breakpoint data
depends on their precision, from megabase and kilobase, down to
single base pair levels, when ascertained by classical cytogenetics,
fluorescence in situ hybridization (FISH), and sequence-based
methods, respectively.

Chromosome translocations (and certain synonymous inver-
sions or deletions which effect fusion /juxtaposition of genes lying
on the same chromosome) fall into three broad categories. The
first causes the physical fusion of the two mRNAs expressed by
the genes involved, thus creating novel fusion proteins translated
from exons emanating from both participant genes, e¢.g., BCR (at
[chromosome]-22-[band)-q11] with ABL1 (at 9q34) fused by
t(9;22)(q34;ql1) in chronic myeloid leukemia (CML) and in
some cases of acute lymphoblastic leukemias (ALL) (2, 3). The
second category also fuses mRNA from genes at separate loci, but
in this case, serves to deregulate a developmentally silenced part-
ner by exchanging promoters with more active partners, €.g.,
BCL6 (at 3q27) which is activated by translocations with any one
of many partners, chiefly in diffuse large B-cell lymphoma
(DLBCL) (4). The third class of chromosome translocation again
results in the activation of the normally silent partner, this time by
juxtaposition with another constitutively active partner without
mRNA fusion, e.g., the neighboring homeobox genes, TLX3
(at 5q35.1) and NKX2-5 (at 5q35.2). According to the breakpoint
involved, either (but not both) genes may be activated in T-cell
ALL by the recurrent t(5;14)(q35;q932.2) by which these are jux-
taposed with regulatory regions from BCL11B (at 14q32.2) to
stimulate transcription (5, 6).

A feature of cancer causing genes most frequently involved in
translocations is “promiscuity” — the tendency of certain genes to
engage with multiple partners. Among well-known promiscuous
oncogenes are MLL with 64 known partners (7), BCL6 with 28
(4), RUNX1 with 39 (8), NUP98 with 29 (9), and the IgH-locus
with 40 (10). Promiscuity reflects the dependence of tumors on
the inappropriate expression of certain genes without overly car-
ing how their deregulation is accomplished. However, the role of
partner genes, previously neglected, has come under renewed
scrutiny as, €.g., their involvement may reveal in which types of
precancerous cells primary oncogenic rearrangements occur. In
addition, biologically important genes, e.g., BCL11B, a key regu-
lator of both differentiation and survival during thymocyte devel-
opment, are often first rendered visible by their participation in
cancer rearrangements (11).

It is useful to know the identities of both the partner genes
and their precise breakpoints at the DNA base pair level, not only
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to characterize potential fusion genes/products, but also to ascertain
whether additional non protein-coding genomic entities, until
recently dismissed as “junk” DNA, such as chromosomal fragile
sites (12), microRNA loci, putative (in silico) genes, unspliced
“expressed sequence tags,” or regulatory noncoding regions may
be involved.

Breakpoint sequences themselves may provide clues to the
biological mechanisms which generate chromosome rearrange-
ments, including T- and B-cell receptor gene (VD]) rearrange-
ment, Alu-mediated recombination, nonhomologous end joining,
etc. VDJ genes are flanked by recombination signal sequences
composed of heptamers followed, in turn, by a spacer containing
either 12 or 23 unconserved nucleotides, and a conserved nona-
mer. Spacers of 12 nucleotides undergo physiological recombina-
tion with those containing 23 in order to obey the so-called
“12/23 rule.” The presence of these or related sequences has
been reported in connection with cancer translocations to reveal
how physiologic processes may be abused to cause genomic rear-
rangements (13).

As an unexpected bonus, precise genomic fusion sequences
may also be used to aid cell line authentication — an omnipresent
problem confronting cell culturists, given that an unexpectedly
(and unacceptably) high percentage of new cell lines has been mis-
identified, or cross-contaminated by older cell lines (14). While
mRNA fusion sequences are constrained by splicing, their genomic
equivalents allow sufficient variation to provide “fingerprints”
unique to individual cell lines to serve as potential identifiers.

For those hunting new cancer genes, cancer gene promiscuity
comes as a godsend as it enables oncogenic rearrangements likely
to include cancer genes to be distinguished from random changes
to facilitate the mining of cancer cell lines for novel cancer genes.
Typically, FISH is initially used to confirm rearrangement of a
contextually appropriate oncogene residing at the locus in ques-
tion. Hence, a breakpoint at 9934 might throw suspicion onto
NOTCHLI in a T-cell neoplasia, ABL1 in myeloid neoplasia, and
NUDP214 in either entity. While such an approach is less highly
developed among solid tumors, at this locus, TSC1 might be
deemed a candidate in tuberous sclerosis cells. Even when the
index breakpoint is precisely known, determination of its partner
by FISH requires time-consuming and laborious procedures for
those not afforded blanket tilepath-clone coverage with which to
quarter the region of interest.

While in the light of the foregoing molecular approaches are
clearly called for, “shotgun” PCR screening with hit-lists of
known and potential partner genes is quite as laborious as FISH,
and is liable to miss unknown translocation partners, or those
with breakpoints lying outside their respective cluster regions.
When there are reasonable grounds to suspect transcriptional
fusion (as among partners of genes prone to this type of gene
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rearrangement, ¢.g., ABL1, ETV6, NUP98, etc.), an mRNA-based
method, rapid amplification of cDNA ends (RACE), may be used
to detect novel fusion partners (15). However, RACE provides
no breakpoint information at the DNA level, and may, in addition,
overlook certain splice variants. For these reasons, the technique
of choice for identifying unknown partner genes and their break-
points should both sidestep the need for prior knowledge of the
partner gene, yet provide breakpoint data at the DNA base pair level.

Long Distance Inverse (LDI)-PCR is just such a technique.
With the mining of oncogenic translocations as goal, LDI-PCR
was developed from the earlier inverse-PCR (16) to allow the
amplification of large DNA fragments comprised of known and
unknown sequences (17). The template is a re-ligated circular
restriction fragment. The primers are set in opposition within the
known sequence. In the resultant amplicon, the unknown
sequence is flanked on both sides by known sequences following
re-ligation (Fig. 1). When a restriction fragment length polymor-
phism (RFLP) distinguishes the wild type and derivative alleles
introduced by the genomic alteration, the two resulting ampli-
cons should be separable by gel electrophoresis (Fig. 2), enabling
their respective sequences to be compared. Sequencing with one
of the PCR-primers directed towards the restriction site allows
immediate identification of the partner gene. Sequencing in the
other direction allows precise mapping of the breakpoint.
Although easier to perform for genes with well-defined, short
breakpoint cluster regions, LDI-PCR may be applied to any gene
or region involved in a translocation and has, therefore, been
applied to a wide variety of translocations involving numerous
promiscuous oncogenes, including MLL (18), BCL6 (19), IGH
(17, 20), PAX5 (21), etc.

R BP R
# l genomic DNA
@ Digestion
R BP R
. Restriction fragment
R

REV. o
W Re-ligation
Circular template
BP
{} PCR

REV R P FW
=l et Amplicon

Fig. 1. Amplifying genomic fusions of unknown sequence. The schema summarizes how the
genomic DNA is first restricted, then re-ligated to the circular template, and how the result-
ing amplicon should appear. Note the unknown region (gray) flanked by known sequences
(black). R restriction site, BP breakpoint; arrows: forward (FIW) and reverse (REV) primers.
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BCL6 actgcaattgcctttaaaaagaaagtaaaaatgattectgectagagaaaaagagaaggaaagaatttectocttettctotac
RN RN AR R RN N AR RN RNy
der (3) tcteccaaggctggactcagogtgttcacgtgggaactgggtagagaaaaagagaaggaaagaatttctocttetteotetac
NN AR AR RR RN RN RNy
Chr.7 tectccaaggctggactcagegtgttcacgtgggaactgggtgtgagtgtaattgtcagaggggagggttgtcacaggaggt
Fig. 2. How to interpret LDI-PCR gels. Left figure shows the wild type configuration where twin circular templates identi-
cal in size would yield a single band by agarose gel electrophoresis. Translocation bearing cells (right figure) yield both
wild type and derivative templates, differing in size and detectible as two bands on the gel. The derivative band is indi-
cated by an arrow. Known regions are outlined in black and unknown in gray; R Restriction site, REV reverse primer, FW
forward primer. Below the gels, the identified fusion sequence is shown (middle line), aligned to chr. 3 (BCL6) and 7.

Limitations are set by the performance of the DNA polymerase
since lengthier fragments may resist amplification, and by the
placement of the RFLP, as fragments similar in size cannot be
readily distinguished by gel electrophoresis.

In contrast to other PCR methods suitable for detection of
unknown fusion sequences, such as panhandle PCR (22) or
analogous techniques requiring adaptor ligations (reviewed in
ref. 23), LDI-PCR is independent of any additional adaptors or
anchors that have to be ligated to the restricted fragments, thus
reducing the number of steps required, while remaining suffi-
ciently flexible to allow a wide choice of restriction enzymes.

The following details the LDI-PCR protocol used at the DSMZ
for identifying partners and breakpoints in cancer cell lines.
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2. Materials

2.1. Design

2.2. Template
Preparation

1. Consult a genome browser to obtain sequence information on

the index gene. The standard genome browsers listed below, to
choose from, are largely esthetic. Our favorite is that hosted by
UCSC the University of California at Santa Cruz (http: //genome.
cse.ucsc.edu/cgi-bin/hgGateway), but both ENSEMBL
(http://www.ensembl.org /Homo_sapiens/Info/Index),
and the NCBI Map Viewer (http: //www.ncbi.nlm.nih.gov/
projects/mapview,/map_search.cgi?taxid=9606) have their
adherents. Note that sequence data and coordinates can vary at
each “release” (edition). To avoid future confusion as new releases
come out, their edition numbers should be noted for the data set
to which they refer.

. If the partner locus is known approximately, e.g., from exist-

ing cytogenetic data, consult Mitelman Database of
Chromosome Aberrations in Cancer (http://cgap.nci.nih.
gov,/Chromosomes,/Mitelman) to verify whether likely part-
ner gene candidates reside near the region of interest. For
those wishing to mine translocations by seeking partners of
promiscuous oncogenes in hematopoietic cell lines, see ref.
24 for a list of cell lines with recurrent translocations. For
those wishing to mine all translocations in hematopoietic cell
lines see refs. 25, 26 for karyotypic data, while for solid tumors
the DSMZ website (www.dsmz.de) carries karyotypic details
on their own holdings.

. Restriction map generator hosted by BioEdit, Ibis Biosciences,

Carlsbad, USA (http: //www.mbio.ncsu.edu/BioEdit/bioedit.
html), or Sequence Manipulation Suite (http://www.bioin-
formatics.org,/sms2 /rest_map.html).

. Tool for calculating melting temperature (TM) and

GC-content to facilitate calculation of melting temperatures
(http: //insilico.chu.es/tm.php).

. High Pure PCR Template Preparation Kit (Roche, Mannheim,

Germany).

. 1 ug of high quality cell line DNA per digestion reaction.

Store at 4-8°C. Do not freeze as repeated cycles of freezing
and thawing may promote shearing of the DNA.

. Restriction enzyme of choice (Fermentas, St. Leon-Rot,

Germany) and appropriate 10x restriction buffer.

4. Nuclease-free sterilized MilliQ water.
. QIAquick gel extraction kit (QIAGEN, Hilden, Germany).
6. T4 DNA ligase (5 U/uL) and appropriate ligation buffer

(Fermentas).



2.3. PCR

2.4. Gel
Electrophoresis and
Amplicon Purification
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. Oligonucleotides (see Subheading 3.1, step 5 below regarding

design parameters).

. PCR kit: PCR Extender System (5Prime, Hamburg,

Germany).

. dNTP-mix containing all four nucleotides at 2.5 mM

(Roche).

. TAE buffer (50x): 242 g Tris (2 M) (Molekula, Gillingham,

UK); 57.1 mL of glacial acetic acid (1 M) (Roth, Karlsruhe,
Germany); 100 mL of 0.5 M EDTA solution at pH 8.0
(Roth); make up to 1 L in deionised water. Working solution
is 1x. Store at room temperature.

. Agarose, electrophoresis grade (Invitrogen, Karlsruhe,

Germany).

. Ethidium bromide, 5 mg/mL (Merck, Darmstadt, Germany).

This is toxic and mutagenic!

. Loading dye (6x): 25 mg bromphenol blue (Sigma, Steinheim,

Germany), 25 mL xylencyanol (Merck), 5 mL glycerol
(Sigma), 5 mL MilliQ water.

. Size marker: 1 kb ladder (Invitrogen). Working solution,

0.1 pug/puL: 100 puL stock solution, 167 ul. 6x loading dye,
and 733 uL. H,O. Store at 4-8°C.

. QIAquick Gel Extraction Kit (QIAGEN).

3. Methods

3.1. Design

. Select sequence covering the genomic region of interest from

the genome browser.

. Paste selected sequence into the query box of the restriction

map generator to highlight the restriction sites located
within.

. Choose restriction enzymes used for template preparation to

obtain fragments in a size range of 2-5 kb (see Note 1).

. Design the inverse primer pairs so that one primer is directed

towards the restriction site and the other in the opposite
direction (see Fig. 3). The gap between the primer tails
should not be excessive as the intervening sequence lies
outside the amplicon and, should the breakpoint lie within,
cannot be detected unless there is another primer pair at
the other end of the restriction fragment. If the fragment
is sizeable (>5 Kbp, say), it might be advisable to design a
primer set consisting of one forward and multiple reverse
primers (see Fig. 3).
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Fig. 3. How to design LDI-PCR reactions. Using BCL6 translocations as a model, the upper figure shows part of the BCL6
locus, extending 20 Kbp from the 5’-region to exon 3, encompassing the major breakpoint region (MBR), where most
BCL6 breakpoints lie. Key restriction sites are indicated. Lower figure shows three restriction fragments (A-C) where
arrows indicate the position and direction of the primers. Thus, a primer set for fragment A might consist of the primer
pairs A-R1xA-F1, A-R1xA-F2, A-F3xA-R3, and A-F3xA-R2.

3.2. Template
Preparation

. Oligonucleotides should be ca. 30 bp to balance uniqueness,

heat stability, and hybridization efficiency. Check Tm and
GC-content with an appropriate calculation tool (see
Subheading 2.1, item 4). Tm should be around 65°C, and
GC-content 40-60%.

. Prepare cell line DNA with the High Pure Template

Preparation Kit (Roche) according to the manufacturer’s
protocol, and determine concentration and quality photo-
metrically. Independent of concentration, the 260 /280 value
(measuring the ratio of DNA at 260 nm and protein/phe-
nol/contaminants at 280 nm) should be between 1.8 and
2.0, as lower values indicate contamination. Check the integ-
rityof 100 ng DNA by gelelectrophoresis (see Subheading 3.4).
Only one large band (~50 Kbp) should be visible. Laddering
indicates DNA degradation (more often a problem with pri-
mary cell /tissue samples than cell lines) rendering the sample
unsuitable for LDI-PCR.

. For digestion, mix 1 pg DNA, 30-50 U of each restriction

enzyme, 10 pL 10x buffer, and water up to a final volume of
100 pL (see Note 2).

. While agitating, incubate the mixture for 3—-4 h at the

temperature indicated for the enzyme(s) chosen (usually
37°C). Where applicable, restriction enzyme(s) can be heat-
inactivated thereafter.

. Purify digested DNA fragments with gel extraction kit fol-

lowing the manufacturer’s advices for purifying enzymatic
reactions (see Note 3).



3.3. PCR Reaction

3.4. Gel
Electrophoresis,
Amplicon Purification,
and Analysis
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. For re-ligation, mix purified restricted DNA with 8 puL. 10x
buffer, 1 uL. T4 ligase (5 U/uL) in a total volume of 80 puL
and leave overnight at 4-8°C. These conditions favor the
desired self-ligation needed to form the circular template
required for inverse PCR.

. Terminate the ligation reaction by heat inactivation for 10 min
at 65°C. Additional purification prior to PCR is not neces-
sary. (See Fig. 1 for overview.)

. Reaction mix: The following volumes are for a 50 pL reac-
tions; for other volumes adjust the amounts of reagent and
template accordingly.

20 pmol primer at a final concentration of 400 nM

10 pL ANTP mix (2.5 mM each nucleotide) for a final
concentration of 500 uM

5 uL of re-ligated, digested DNA (containing 62.5 ng)
(see Note 4)

5 uL 10x tuning buffer, 1 U DNA polymerase (0.2 pL)
(see Note 5)

Make up to 50 puL with MilliQQ water.

. Cycling conditions follow the manufacturer’s protocol
designed to yield amplicons of up to 20 kb.

In detail: Initial denaturation: 93°C, 3 min

Cycles 1-10: 93°C, 15 s Denaturation
62°C, 30 s Annealing (see Note 6)
68°C, 18 min  Elongation

Cycles 11-35: 93°C, 15 s Denaturation
62°C, 30 s Annealing (see Note 6)
68°C, 18 min+20 s increment each cycle

2

w

[S2YN

. For a 1.2% gel (ca. 11x14 cm), boil 1.2 g of agarose in
100 mL 1x TAE bufter until completely dissolved.

. When the solution has cooled to a certain extent, add 6.5 uL.
ethidium bromide.

. Pour gel carefully into the sleigh, add the comb, and then
allow to solidify (ca. 45-60 min).

. Add 8 pL of 6x loading dye to each PCR product.

. Transfer the solid gel carefully into the electrophoresis cham-
ber filled with 1x TAE buffer, extract the comb, and load the
PCR reaction plus dye, and 8 uL size marker into the gel
pockets (see Note 7).

. Perform the electrophoresis run at 100-120 V for ca. 90 min
(see Note 8).
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. After the run, visualize the gel bands under UV-light and

identify discrepant bands (i.e., not corresponding to the
calculated amplicons) as potential genomic fusion sequence
products (Fig. 2). The wild type band serves as PCR control.
For troubleshooting, see Note 9.

. Carefully excise desired band(s) with a scalpel and purify with

the gel extraction kit according to the manufacturer’s protocol.

. Subject purified amplicons to sequence analysis. Sequencing

with the primer directed towards the restriction site reveals
the translocation partner; while sequence read in the opposite
direction shows the breakpoint. Depending on the fragment
size and the read-length of the sequencer, additional primers
may be necessary for breakpoint detection.

4. Notes

. When performing double-digestions with restriction

enzymes producing sticky ends, pairs must be checked for
end-compatibility. These pairs should function in the same
buffer and at the same temperature. This can be checked
with the DoubleDigest™ tool on the Fermentas homepage
(http: //www.fermentas.com/doubledigest /index.html).

. Mix water, then 10x buffer and restriction enzyme(s) by

vortexing to dissolve the glycerol-embedded enzymes.
As genomic DNA is readily sheared by vortexing, it should
be added at the end and mixed manually by flicking
tube ends.

. Column-based purification of the restriction reaction is pre-

ferred to phenol /chloroform purification followed by sodium
acetate /ethanol precipitation, as the latter is more laborious
and time consuming, while residual phenol may disturb
downstream enzymatic reactions.

. According to the manufacturer’s protocol, ~100-250 ng

template DNA is recommended for targets up to 20 kb. We
find that 62.5 ng are sufficient for LDI-PCR. In practice
amplicons rarely exceed 10 kb.

. Though the amount given is about half of that recommended

by the manufacturer, PCR fidelity remains satisfactory. Reducing
the amount of enzyme brings significant cost benefits.

. Annealing temperature depends on oligonucleotide melting

temperature, and should be 2—4°C below Tm.

. If direct sequencing of the PCR product is intended, the entire

50 uLL PCR reaction should be loaded onto the gel to provide
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sufficient template for the sequencing reaction. Ifit is intended
to clone the product into a vector and amplify it in transfected
bacteria, a lesser amount (~10 L, say) should be sufficient.

8. If the wild type and the derivative amplicon are both very
large (> ca. 5 Kbp), additional time should be allowed for size
separation to maximize separation.

9. Troubleshooting. Failure of LDI-PCR may have several
causes.

If no PCR product is seen, first check PCR ingredients and
conditions: primer sequences (avoidance of G or C repeats,
repetitive sequences etc.), annealing temperature, or cycling
conditions. Second, verify that the expected PCR product is
not too long to be amplified successfully. Despite manufac-
turer’s claims to the contrary, a realistic amplifiable limit is
closer to 4-5 kb than 20 Kbp claimed. If wild type bands
appear, to the exclusion of aberrant products, the false-negative
result may be due either of the following: (a) the derivative
fragment is too long and resists amplification; or, (b) the wild
type and the derivative amplicon are similar in size and cannot
be separated by gel electrophoreses. In both cases, other
restriction enzymes or a double digest approach should be
tried out to reduce the amplicon size and, thereby, increase
the chances of differing fragment lengths. Finally, chromo-
some rearrangements in cancer do not always follow textbook
balanced reciprocal exchange of DNA. Although the term
“translocation” is commonly used, this assumes a mechanistic
basis which is seldom, if ever, possible to verity experimentally.
Extraneous sequences from apparently innocent chromosome
regions are often detected at breakpoint junctions. Although
these are often interpreted as artifacts, these may instead
witness the cryptic involvement of other chromosomes. The
importation of DNA repeats by such processes might under-
mine PCR amplification.

References

Knezevich, S. (2007) BCL6 (B-Cell Lymphoma
6). Atlas Genet Cytogenet Oncol Hematol URL:

1. Mitelman, F., Johansson, B., and Mertens, F. 4.
(2007) The impact of translocations and gene

fusions on cancer causation Nat Rev Cancer
7,233-45.

http: //AtlasGeneticsOncology.org,/Genes/
BCL6ID20.html.

. Turhan, A.G. (2008) BCR (Breakpoint cluster 5. Bernard, O.A., Busson-LeConiat, M.,
region). Atlas Genet Cytogenet Oncol Haematol. Ballerini, P., Mauchaufté, M., Della Valle, V.,
URL: http: //AtlasGeneticsOncology.org / Monni, R.; et al. (2001) A new recurrent and
Genes/BCR html. specific  cryptic  translocation,  t(5;14)

. Turhan, A.G. (2008) ABLI1 (v-abl Abelson (935;932), is associated with expression of the
murine leukemia viral oncogene homolog 1). Hox11L2 gene in T acute lymphoblastic leu-
Atlas Genet Cytogenet Oncol Haematol. URL: kemia Lenkemin 15, 1495-504.
http: //AtlasGeneticsOncology.org/Genes/ 6. Nagel, S., Scherr, M., Kel, A., Hornischer, K.,

ABL.html.

Crawford, G.E., Kaufmann, M., et al. (2007)



332

10.

11.

12.

13.

14.

15.

16.

Schneider, Drexler, and MaclLeod

Activation of TLX3 and NKX2-5 in t(5;14)
(q35;932) T-cell acute lymphoblastic leukemia
by remote 3'-BCL11B enhancers and coregula-
tion by PU.1 and HMGAl Cancer Res 67,
1461-71.

Meyer, C., Kowarz, E., Hofmann, 7.,
Renneville, A., Zuna, J., Trka, J., et al. (2009)
New insights to the MLL recombinome of
acute leukemias Leukemin 23, 1490-9.

Huret, J.L., and Senon, S. (2003) AMLI1 (acute
myeloid leukemia 1); RUNX1 (runt-related
transcription factor 1 (acute myeloid leukemia
1; amll oncogene)); CBFA2 (core binding fac-
tor A2) Atlas Genet Cytogenet Oncol Haematol
URL: http: //AtlasGeneticsOncology.org/
Genes/AMLI.html.

Kearney, L. (2002) NUP98 (nucleoporin 98
kDa) Atlas Genet Cytogenet Oncol Haematol
URL:  http://AtlasGeneticsOncology.org/
Genes/NUP98.html.

Lefranc, M.P. (2003) IGH (Immunoglobulin
Heavy) Atlas Genet Cytogenet Oncol Haematol
URL:  http://AtlasGeneticsOncology.org/
Genes/IgHID40.html.

MacLeod, R.AF., Nagel, S., Kaufmann, M.,
Janssen, JW.G., and Drexler, H.G. (2003)
Activation of HOX11L2 by juxtaposition with
3'-BCL11B in an acute lymphoblastic leukemia
cell line (HPB-ALL) with t(5;14)(q35;q932.2)
Genes Chromosomes Cancer 37, 84-91.
Schneider, B., Nagel, S., Kaufmann, M.,
Winkelmann, S., Drexler, H.G., and MacLeod,
R.AF. (2008) T(3;7)(q27;q32) fuses BCL6
to a non-coding region at FRA7H near miR-
29 Leukemin 22, 1262-6.

Gu, Y., Cimino, G., Alder, H., Nakamura, T.,
Prasad, R., Canaani, O., et al. (1992) The
(4;11)(q21;q923) chromosome translocations
in acute leukemias involve the VD] recombi-
nase Proc Natl Acad Sci USA 89, 10464-8.

MacLeod, R.A., Dirks, W.G., Matsuo, Y.,
Kaufmann, M., Milch, H., and Drexler, H.G.
(1999) Widespread intraspecies cross-con-
tamination of human tumor cell lines arising
at source Int J Cancer 83, 555-63.

Frohman, M.A., Dush, M.K., and Martin, G.R.
(1988) Rapid production of full-length cDNAs
from rare transcripts: amplification using a sin-
gle gene-specific oligonucleotide primer Proc
Natl Acad Sci USA 85, 8998-9002.

Ochman, H., Gerber, A.S., and Hartl, D.L.
(1988) Genetic applications of an inverse poly-
merase chain reaction Genetics 120, 621-3.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Willis, T.G., Jadayel, D.M., Coignet, L.J.,
Abdul-Rauf, M., Treleaven, J.G., Catovsky,
D., and Dyer, M.J. (1997) Rapid molecular
cloning of rearrangements of the IGH] locus
using long-distance inverse polymerase chain
reaction Blood 90, 2456—-64.

Meyer, C., Schneider, B., Reichel, M.,
Angermueller, S., Strehl, S., Schnittger, S.,
et al. (2005) Diagnostic tool for the identifi-
cation of MLL rearrangements including

unknown partner genes Proc Natl Acad Sci
USA 102, 449-54.

Akasaka, H., Akasaka, T., Kurata, M., Ueda,
C., Shimizu, A., Uchiyama, T., and Hitoshi,
0. (2000) Molecular anatomy of BCL6 trans-
locations revealed by long-distance poly-

merase chain reaction-based assays Cancer Res
60, 2335—41.

Sonoki, T., Willis, T.G., Oscier, D.G., Karran,
E.L., Siebert, R., and Dyer, M.J. (2004)
Rapid amplification of immunoglobulin heavy
chain switch (IGHS) translocation break-
points using long-distance inverse PCR
Lenkemin 18, 2026-31.

An, Q., Wright, S.L., Konn, Z.J., Matheson,
E., Minto, L., Moorman, A.V., et al. (2008)
Variable breakpoints target PAX5 in patients
with dicentric chromosomes: A model for the
basis of unbalanced translocations in cancer
Proc Natl Acad Sci USA 105, 17050—4.
Megonigal, M.D., Rappaport, E.F., Wilson,
R.B., Jones, D.H., Whitlock, J.A., et al.
(2000) Panhandle PCR for ¢cDNA: A rapid
method for isolation of MLL fusion tran-
scripts involving unknown partner genes Proc
Natl Acad Sci USA 97,9597-602.

Tonooka, Y., and Jujishima, F. (2009)
Comparison and critical evaluation of PCR-
mediated methods to walk along the sequence
of genomic DNA Appl Microbiol Biotechnol
adv online pub, DOI 10.1007,/500253-009-
2211-5.

MacLeod, R.AF., Nagel, S., Scherr, M.,
Schneider, B., Dirks, W.G., Uphoft, C.C.,
et al. (2008) Human leukemia and lymphoma
cell lines as models and resources Curr Med
Chem 15, 339-59.

Drexler, H.G. (2001) The Leukemia-
Lymphoma Cell Line FactsBook, Academic
Press, San Diego.

Drexler, H.G. (2009) Guide to Leukemia-
Lymphoma Cell Lines, eBook (available from
the author), DSMZ, Braunschweig, Germany.



Chapter 27

Cell Migration and Invasion Assays

Karwan A. Moutasim, Maria L. Nystrom, and Gareth J. Thomas

Abstract

A number of in vitro assays have been developed to study tumor cell motility. Historically, assays have
been mainly monocellular, where carcinoma cells are studied in isolation. Scratch assays can be used
to study the collective and directional movement of populations of cells, whereas two chamber assays
lend themselves to the analysis of chemotactic/haptotactic migration and cell invasion. However, an
inherent disadvantage of these assays is that they grossly oversimplify the complex process of invasion,
lacking the tumor structural architecture and stromal components. Organotypic assays, where tumor
cells are grown at an air/liquid interface on gels populated with stromal cells, are a more physiologi-
cally relevant method for studying 3-dimensional tumor invasion.

Key words: Invasion, Migration, Scratch assay, Transwell, Matrix, Organotypic culture

1. Introduction

Tumor cell migration and invasion #% vivo is a complex process,
and many #z vitro assays have been developed in an attempt to
recapitulate these processes. Historically, migration/invasion
assays have been mainly monocellular, where carcinoma cells have
been studied in isolation. Such single cell movement may be mes-
enchymal or amoeboid, and cells may switch rapidly between the
different types of motility. Cells using mesenchymal motility are
typically elongated and spindle-shaped, forming actin-rich filopo-
dia or lamellipodia at the leading edge. This process is modulated
by Rho GTPases, particularly Rac and cdc42, and involves integ-
rins and proteolytic enzymes such as matrix metalloproteinases.
Amoeboid invasion is characterized by cycles of expansion and
contraction of the cell body, which allows the cell to squeeze
through gaps in the extracellular matrix. Amoeboid invasion is
promoted by the Rho/Rock signaling pathway and mediated by

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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cortically located myosin and actin. Additionally, cells may move
collectively, sprouting, branching, streaming, or moving as a
sheet, and maintaining cell-cell contacts. Collective migration
allows coordination of many cells and is a more complex process
to study i vitro.

It is reported increasingly that tumor stroma has an invasion
promoting effect. More physiologically relevant assays should,
therefore, incorporate stromal components such as fibroblasts,
endothelial cells, macrophages etc. and also reproduce 3-D char-
acteristics of the relevant organ. This chapter aims to cover a
range of different techniques that are used to assess tumor cell
migration and invasion.

1.1. In Vitro Scratch This is a simple and inexpensive method to study cell migration

Assay in vitro. In this assay, a “wound” is created in a cell monolayer
and the ability of cells to migrate, and thus, “close” the wound, is
assessed by capturing images at different time points (Fig. 1).

The major advantages of this technique are its simplicity and
relative low cost and also the ability to visualize cell movement in
real time using time-lapse microscopy. Classically, it has been used
to study the collective movement of populations of cells, for exam-
ple, skin wound healing, where to some extent it mimics the
migration of keratinocytes as an epithelial sheet. It is useful for
studying cell—cell and cell-matrix interactions, and the role of gene
overexpression or suppression can be investigated using standard
transfection techniques, including microinjection. Analysis of
directional migration can be carried out with fluorescently labeled
cells using time-lapse microscopy and image analysis software. Cell
signaling events can also be investigated by microscopic visualization
of specific fluorescently labeled intracellular proteins.

The technique is not suitable for studying chemotaxis, but its
relative simplicity and low cost, combined with the lack of need
for specialist equipment, still make a popular method for studying
cell movement.

G20 .0
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Fig. 1. Scratch assay, in which (a) represents a confluent culture, (b) the scratch on the surface, and (¢) the healing
scratch.



1.2. Modified Boyden
Chamber Assay
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In this assay, cells are added to an upper chamber from where they
are allowed to invade through a cell permeable membrane toward
an attractant placed in the lower chamber (1). Different types of
stimuli can be investigated using this system; chemotaxis (move-
ment toward a soluble gradient, e.g., growth factor in the lower
chamber), haptotaxis [movement toward a gradient of substra-
tum-bound attractant (e.g., matrix protein coated on the under-
surface of the membrane)], or random migration (chemokinesis).
After a defined period of time, the cells that have invaded through
the membrane into the lower chamber may be counted, making
this assay easily quantifiable (2).

Originally designed to study the migration of nonadherent
inflammatory cells, the Boyden chamber has been modified in
several ways to make it suitable to study invasion of adherent car-
cinoma cells (1). Firstly, the cell-permeable membrane was coated
with a proteinaceous matrix or “basement membrane equivalent”
(BME) to replicate the basement membrane through which car-
cinoma cells must invade % vivo (3). Secondly, since invaded
carcinoma cells are adherent and remain attached to the under-
surface of the cell permeable membrane, invasion cannot be
quantified simply by counting the cells in the medium in the lower
chamber using a spectrophotometer or a hemocytometer (1, 4).
Instead, the cells fixed to the undersurface of the membrane must
be either detached from the membrane with trypsin and counted
or stained ¢z situ in the membrane and counted using a micro-
scope and eyepiece graticule (1, 5). Other methods to quantify
this assay include fluorescence, radiolabeling, or colorimetric
analysis using various cell dyes or cell viability markers (1, 6, 7).
Modified Boyden chambers are commercially available and a widely
used example is the Transwell® assay (Fig. 2) (8), which is available
with filters of various pore sizes (reflecting the cell type under inves-
tigation) and benefits from being highly reproducible (8).

The methods described above examine cell migration. To
investigate tumor cell invasion, a physical protein barrier is
required. Transwell assays can also be used to study tumor cell
invasion, by coating the upper surface of the cell-permeable mem-
brane with an ECM protein gel (Fig. 2b). The protein composi-
tion of the gel may vary, but a substrate that has enjoyed widespread
use is Matrigel®, isolated from the Englebreth-Holm-Swarm
mouse sarcoma, a tumor rich in ECM proteins (9, 10). Matrigel®
largely is composed of laminin, Type IV collagen, and heparan
sulfate proteoglycans, which are the main constituents of base-
ment membrane, which forms the initial barrier to carcinoma
invasion (10). At high concentrations, Matrigel® will polymerise
when warmed to 37°C such that it forms a barrier similar in com-
position to basement membrane. The concentration of Matrigel®
should be sufficiently high to provide a physical barrier that will
differentiate between invasive and noninvasive cells, but not so
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1.3. Three-
Dimensional Methods
of Studying Invasion

1.4. Organotypic
Cultures

—— Cells

Cell-permeable membrane (undersurface
may be coated with matrix proteins)
Migration buffer

(to which cytokines etc can be added)

Protein gel

Growth medium
(or migration buffer + cytokines etc)

Fig. 2. Transwell migration and invasion assays.

high that it impedes penetration of even the most invasive cells
(10). A dilution of 1 part Matrigel:2 parts base medium is usually
sufficient (11).

The assays described previously in this chapter have “traded”
physiological relevance for ease of repetition and their inherent
disadvantage is that they grossly oversimplify the complex process
of invasion. Transwell assays lack structural architecture and the
cells are added as a single cell suspension. Another inherent disad-
vantage of these monocellular assays is the absence of stromal
cells, which are of fundamental importance in carcinoma inva-
sion. Although stromal paracrine influence can be studied in these
simple monocellular assays, for example, by using fibroblast-
conditioned medium (12, 13), it is recognized that tumors have
a complex architecture with cells of different types in close juxta-
position and this direct physical contact between different cell
types may be important. Multicellular invasion assays have been
developed which yield information of greater clinical relevance to
their monocellular counterparts.

Organotypic culture has been especially successtul in the field of
skin biology (11), but has also been developed to recapitulate other
sites such as breast (14), lung (15), oral cavity (16) and pancreas
(17). In this assay, epithelial cells are grown at an air/liquid inter-
face on collagen matrices populated with fibroblasts (Fig. 3). Such
models have allowed study of cell interactions, whether in the con-
text of normal epithelial growth and differentiation, or between
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=Tumour cells
= Fibroblasts
= Protein Gel
Metal grid
Medium

Fig. 3. Organotypic culture. (a) Schematic representation of an organotypic culture.
(b) H+E-stained section of basal cell carcinoma organotypic culture. Note the surface
epithelium and the invading islands of tumor. (c) A squamous carcinoma organotypic
culture immunostained for cytokeratins to highlight the tumor cells.

tumor cells and fibroblasts (16, 18). Additionally, organotypic
cultures can be transplanted into immunocompromised mice to
study invasion iz vivo (16).

2. Materials

2.1. In Vitro Scratch
Assay

—

. Tissue culture medium (e.g., DMEM) with supplements
(fetal bovine serum, glutamine, antibiotics).

. Trypsin/versene (EDTA).

. Phosphate-buffered saline (PBS).

. Tissue culture dishes (e.g. 60 mm).
. Scalpel.

. p200 pipette tips.

N O\ Ul N

. Phase-contrast microscope.

Additional materials:

1. Plasmid-encoding GFP or other markers.
. CO,-independent medium.

. Stage incubator.

. CO, supply.

. Video camera.

N Ul R W N

. Image analysis software.
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2.2. Transwell®
Migration Assay

. Polycarbonate filters (Transwell®, 8-um pore size, Becton

Dickinson).

. Attractant of choice [e.g., growth factor (chemotaxis), extra-

cellular matrix protein (haptotaxis)].

. PBS.

. Migration buffer (tissue culture medium containing 0.1%

BSA, adenine, and glutamine).

5. Tissue culture medium (e.g. DMEM).
6. Trypsin/versene.
2.3. Transwell® 1. Polycarbonate filters (Transwell®, 8-um pore size, Becton
Invasion Assays Dickinson).
2. Matrigel (BD Biosciences).
3. PBS.
4. Tissue culture medium (e.g. DMEM) with and without
supplements.
5. Trypsin/versene.
2.4. Three- 1. Collagen type I (rat-tail, BD Biosciences).
Dimensional Invasion 2. Matrigel (BD Biosciences).
Assays 3. FBS.
4. 10x DMEM.
5. Fibroblast growth medium (e.g., DMEM supplemented with
10% FBS, glutamine with /without Pen/Strep).
6. 25% Glutaraldehyde.
7. Steel grids.
8. Nylon mesh (100-um pore size).
3. Methods
3.1. In Vitro Scratch 1. An appropriate tissue culture dish (e.g., 60 mm) is coated
Assay with the extracellular matrix substrate of choice (e.g.

fibronectin), and an appropriate control (e.g., poly-D-lysine)
and dishes are incubated for 2 h at 37°C.

. Unbound is ECM is removed by washing with PBS.

. Cells that have previously been grown to subconfluency are

trypsinized and plated onto dish to create a confluent layer.

. Plates are incubated for 6 h at 37°C to allow attachment and

spreading over the substrate.

. A “scratch” is created using a p200 pipette tip by scraping the

monolayer in a neat, straight line. The plate is washed with



3.2. Transwell®
Migration Assay
(Haptotactic
Migration)

3.3. Transwell®
Invasion Assays

3.4. Three-

Dimensional Invasion
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the growth medium to remove the debris, and fresh medium

is added.

. Reference points on the outer surface of the dish are placed

using a scalpel, at the approximate areas of the scratch.

. The dish is placed under a phase-contrast microscope (see

Note 1) and the first image is acquired.

. The dish is returned to the incubator at 37°C for 8-18 h.

Examine the dish periodically and capture images at different
time points to determine the rate of cell migration. It is criti-
cal to match the reference points each time the dish is placed
at the microscope.

. Further analysis and quantification is done using a computer

software (e.g., Image Pro-Plus, Media Cybernetics) (19).

. 200 uL protein solution (e.g., fibronectin 10 pg/mL is added

to the lower chamber and incubated for 1 h at 37°C).

. The protein solution is removed and replaced with 200 pL

migration bufter for 30 min at 37°C.

. Cells are plated in the upper chamber of quadruplicate wells

at a density of 5x 10* in 50 pL. of migration buffer for 8-24 h
(depending on the cell line).

. After 8-24 h, the cells in the lower chamber (including those

attached to the undersurface of the membrane) are trypsinized
(500 puL trypsin/versene is added to the lower well) and
counted.

. 70 uL. Matrigel (diluted 1:2 in serum-free growth medium) is

added to the upper chamber and allowed to gel for 1 h at
37°C.

. To act as a chemoattractant, 500 uL of complete (serum-

containing) tissue culture medium is placed in the lower
chamber.

. Cells are plated in the upper chamber of quadruplicate wells

at a density of 5x 10* in 200 uL of serum-free medium and
incubated at 37°C for 72 h.

. After 72 h, the cells in the lower chamber (including those

attached to the undersurface of the membrane) are trypsinized
(500 uL trypsin/versene per well) and counted.

Day 1 — Gel Preparation
1. A fibroblast cell suspension is prepared at 500,000 cells/gel

in FGM.

2. Gels are mixed on ice in the following ratios:
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4.

Collagen: matrigel (1:1) 7 volumes (3.5 collagen: 3.5 matrigel)

10x DMEM 1 volume
FBS 1 volume
Fibroblasts 1 volume

. 1 mL of the above mix is aliquoted into each well of a 24-well

plate and incubated at 37°C for 1 h.

After gel polymerisation, 1 mL of FGM is added per well and
gels are left for 18 h at 37°C to equilibrate.

Day 2 — Plating out cells on top of gels

1.
2.

3.

Medium is aspirated from the top of the gels.

Keratinocytes are plated out at 500,000 cells per gel in kera-
tinocyte medium supplemented with 10% FCS and
glutamine.

Gels are incubated overnight at 37°C.

Day 2 — Preparation of nylon sheets

1.

2.

Sterile nylon sheets (one sheet per each gel) are placed in a
sterile dish.

Fibroblast-free gel solution is made in the following ratios:

Collagen 7 volumes
10x DMEM 1 volume
ECS 1 volume
10% DMEM 1 volume

. The solution is mixed well, and if yellow, is neutralized with

sterile NaOH 0.1 M until it turns pink.

. 250 pL is added to each nylon sheet and incubated at 37°C

for 15-30 min.

. Fix in 10 mL 1% glutaraldehyde (in PBS). Incubate at 4°C

for 1 h.

. Gels are washed three times with PBS, once in FGM and then

left in FGM at 4°C overnight.

Day 3 — Raising gels on to grids

1.

A steel grid is placed into each well of a 6-well plate and a gel-
coated nylon sheet is laid on top of it. Steel grids are made
from 2.5 cm? of stainless steel mesh with the edges bent down
to form 4- to 5-mm high legs.

. Organotypic gels are removed from the 24-well plate using a

sterile spatula and then placed on the collagen-coated nylon
sheet that is resting on the steel grid (see Note 2).
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3. The well with complete keratinocyte growth medium, such
that it reaches the undersurface of the grid, thus allowing the
epithelial layer to grow at an air-liquid interface, and incu-
bated at 37°C (see Note 3).

4. Medium is replaced every 2 days.
5. Gels are harvested after 7-14 days of culture.

1. The organotypic culture is removed from the well % toto and
cut in half with a sterile scalpel.

2. Both halves are fixed in a Universal tube containing 10% for-
mol saline for 24 h.

3. Formol saline is replaced with 70% ethanol left overnight.

4. Gels can then be processed to paraffin blocks and sectioned
for staining and /or immunochemistry.

Although organotypic cultures recapitulate the morphology of
SCC in vivo, analysis generally has been subjective and restricted
to description of the invasive appearance in stained sections. Some
authors have attempted to quantify tumor cell invasive activity in
three-dimensional assays. For example, confocal microscopy has
been used to determine depth of invasion of fluorescently labeled
cells into a gel (20). Consecutive images at increasing depths of focus
(Z-sectioning) have been used to reconstruct three-dimensional
images and the number of cells at each level determined by using
computer software to count pixel number per slice.

Others have quantified invasion in three-dimensional cocultures
by measuring the infiltration distance, i.e., the maximum distance
between the epithelium-tumor frontier and the most distant tumor
cells, in serial sections (15). However, this measurement does not
take into account the pattern or amount of tumor invasion.

More recently, digital image analysis methods that assess tumor
infiltration objectively have been developed (21). For example,
Nystrom and colleagues analyzed the degree of invasion by gener-
ating an “Invasion Index” which was the product of the depth of
invasion, and the number and area of invading tumor islands (21);
such methods give an accurate representation of tumor invasive-
ness and are also applicable to analyzing tumor invasion . vivo.

4. Notes

1. Cells transfected with a marker plasmid (e.g., GFP) can be
observed under a fluorescence microscope. If a time-lapse
microscope is used, particular attention should be paid to the
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growth medium if the stage incubator is equipped with a
temperature control only, in which case cells should be kept
in CO,-independent (HEPES-buftered) medium (19).

2. Ciritical step: particular care should be taken when raising the
gels onto the steel grids to avoid misorientation and destruc-

tion of the gel.

3. Note that it is this initial time point that is defined as day 1 of
the organotypic culture.
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Chapter 28

Angiogenesis Assays

V. Poulaki

Abstract

The angiogenic process is central in the pathogenesis of various diseases. The in vitro and in vivo moni-
toring of the neovascular process is essential for the development and evaluation of angiogenesis inhibi-
tors or stimulators. Since no single method exists that can assess angiogenesis in a robust, reliable, and
reproducible fashion, researchers often use a combination of assays to circumvent this problem. The
experimental details of the most commonly in vitro, ex vivo, and in vivo assays are presented here.

Key words: Angiogenesis, Endothelial cells, Co-culture, Fibroblasts, Matrigel, Retinopathy,
Chorioallantoic membrane

1. Introduction

Angiogenesis is a process which is essential for normal develop-
ment and entails the creation of new blood vessels from an exist-
ing vasculature. Physiological angiogenesis is a highly organized
concert of events that serve the ever changing tissue require-
ments as vascular initiation, formation, maturation, and remod-
eling or regression. Pathological angiogenesis is the hallmark of
more than 50 diseases such as cancer, is not as meticulously
orchestrated and although the first stages are the same, the ves-
sels rarely mature or involute (1). The better understanding of
the factors that are involved in the angiogenic process has a cen-
tral role in the treatment of angiogenesis-dependent diseases.
Therefore, the design of a “gold standard” angiogenesis study
will allow the dissection of the mechanisms of these diseases and
help toward the identification of inhibitors. This study should
be rapid, sensitive, and specific, with capabilities of automated
analysis and multiparameter assessments and should have a
direct relevance to clinical findings. Despite the increasing variety

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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of angiogenesis studies, the ideal method has yet to be developed,
and therefore researchers often use a combination of techniques
to circumvent that problem (2). In vitro studies are focusing
more on the proliferation, differentiation, and migration of
endothelial cells and their interaction with the surrounding sup-
porting stromal cells and the extracellular matrix, while in vivo
studies include more complex interactions of the endothelial cells
with the surrounding tissue and blood.

2. Materials

2.1. Endothelial Cell
Coculture with
Fibroblasts

2.2. In Vitro Matrigel
Invasion Study

O 0 N O Ul W

10.

11.

. Humanumbilical vein endothelial cells( HUVEC) (Invitrogen,

Portland, OR) passage between 4 and 8.

. Human dermal neonatal fibroblasts (Invitrogen) passage

between 4 and 8.

. DMEM supplemented with 5% fetal bovine serum (FBS,

Hyclone), 2 mM glutamine, 1 mM sodium pyruvate, and
100 U/mL penicillin—streptomycin (Invitrogen).

. Woven nylon mesh ring (Tetko, Inc, Monterey Park, CA).
. 96-Well plates (BD Biosciences, San Jose, CA).
. Type I rat tail collagen (BD Biosciences).
. 10x M199 (Invitrogen).
. Serum-free DMEM, FBS, M199, and PBS (Invitrogen).
. 70% Alcohol.
Mouse anti-human PECAM antibody (R&D systems,

Abingdon, UK), alkaline-phosphatase-conjugated anti-mouse
antibody (R&D systems), 5-bromo-4-chloro-3-indolyl phos-
phate /nitro blue tetrazolium (BCIP/NBT) or Angio kit
(TCS cell works Botolph Claydon, UK).

Microscope (Leica) with camera (Hamamatsu, Hamamatsu
city Japan).

. Matrigel (Sigma Chemical, St Louis).

. Pipettmen and prechilled sterile tips.

. HUVEC (Invitrogen).

. HUVEC medium (Invitrogen).

. 24-Well transwell plates, 150 mm dishes (Invitrogen).
. RPMI or DMEM medium (Invitrogen).

. Table centrifuge for 50 mL conical tubes.

. 50 mL conical tubes.

. Hemocytometer.



2.3. Chorioallantoic
Membrane Assay

2.4. Rat Aortic Ring
Assay

10.

11.
12.
13.
14.

15.

N O\ U N

O &
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Trypsin—EDTA solution with 0.5% trypsin, 0.53 mM EDTA
(Sigma-Aldrich, St Louis, MO).

Trypsin inhibitor (Sigma-Aldrich).
Incubator with 95% air/5% CO,,.
24-Well plates.

Dift-Quik fixative and solution II (Baxter Scientific Products,
McGaw, IL).

Permount mounting medium (Fisher Scientific, Pittsburg, PA).

. Fertilized chick eggs on cardboard egg crates (SPAFAS,

Norwich, CT).

. 3% CO, humidified incubator set at 37°C, thermometer.
. Three Petri dishes with covers (Falcon).

. 0.1% Methylcellulose liquid (Invitrogen).

. Teflon pedestals (3—4 mmx 2 cm).

. Petri dishes with covers (Invitrogen).

. 1-cc Hamilton syringe with 26-gauge needle as applicator of

sample or 10-pL pipette (Hamilton Nevada), tweezers.

. Pure test growth factor and control protein (1-2 ug).

. Dissecting microscope (Leica) with camera (Hamamatsu, Orca).

. Male Fisher-344 rats, 8—12 weeks old.

. Microdissection scissors (iris) and forceps.

. 10x Eagles Medium (Invitrogen).

. Serum-free culture medium, MCDB131 (Gibco), supple-

mented with glutamine (2 mM), penicillin (100 U/mL),
streptomycin (100 pg/mL), and 25 mM NaHCO,.

. 1.5% Agarose (type VI-A) solution (Invitrogen).

. Puncher with two concentric rings (diameter 10 and 17 mm).
. Sterile aqueous 1 M NaOH.

. Sterile bovine fibrinogen (Culture-tested Sigma).

. Sterile bovine thrombin (Sigma).

. Eagle’s MEM (Gibco).

. Fluorescein-labeled acetylated low-density lipoprotein (Dil-

Ac-LDL, Biomedical Technologies).

. Humidified incubator 5% CO, /air.

. Fluorescence microscope (Leica) with camera (Hamamatsu,

Japan).

. Digital camera.
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2.5. Matrigel Plug
Angiogenesis Assay

2.6. Mouse GCorneal
Angiogenesis Assay

2.7. Retinopathy
of Prematurity Model

. C57Bl/6N female mice.
. Matrigel 10 mL at 15 mg/mL (stock), store at -20°C.

Enough will be needed to inject 0.5-1 mL per mouse.

. Prechilled 50-mL falcon tubes (Invitrogen).
. Prechilled TB syringes with 25-gauge needles (Becton

Dickinson).

. 3-mL Syringes (Becton Dickinson).
. Endothelial cell growth supplement (EGCS, Collaborative

Biomedical BD, NJ). Store in aliquots at —20°C and prepare
1 mg/mL solution just before use in sterile distilled water.

7. DMEM prechilled (Invitrogen).

. Scissors to dissect the skin, forceps.

9. Dispase (Sigma-Aldrich).

—
=
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10.
11.

12.
13.

w N
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. Specimen vials.

. CD-1 mice (Charles River Laboratories, Wilmington, MA).

. Nembutal solution (Abbott Laboratories, North Chicago, IL).
. Hamilton syringes 1 cc with 33-gauge needle.

. Half an inch 30-gauge needle.

. Dissecting microscope.

. Growth factor and control protein.

. Wescott scissors.

. Forceps.

. 10-mL Syringes and 16-gauge perfusion cannula, IV

tubing.
Phosphate-buffered formalin (Fisher, Fairlawn, NJ).

FITC-coupled ConA lectin (Vector Laboratories,
Burlingame, CA).

Microscope slides.

Fluorescent microscope (Leica) with camera (Hamamatsu,
Japan).

. Newborn C57BI1/6 mice.
. Ketamine (100 mg/mL) and xylazine (20 mg/mL).
. Plexiglas chamber with oxymeter (GMH 3690 GL; Greisinger

electronic GmBH, Regenstauf, Germany).

. Wescott scissors.

. Forceps.

. 10-mL Syringes and 16-gauge perfusion cannula, IV tubing.
. Phosphate-buffered formalin (Fisher, Fairlawn, NJ).
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. FITC-coupled ConA lectin (Vector Laboratories,

Burlingame, CA).

. Microscope slides.
10.

Fluorescent microscope (Leica).

3. Methods

3.1. Coculture
of Endothelial Cells
with Fibroblasts (3, 4)

. Preparation of media: Add 340 uL of type I rat tail collagen

(BD Biosciences), 76 UL of 10x M199 medium, 136 uL of
serum-free DMEM, 10 uL of FBS, and 340 uL of PBS and
adjust the pH to 7.2 with NaOH. All the components should
be kept sterile.

. Culture of cells: Add 1 x10° HUVEC and 5 x 10° HDFN (see

Note 1) to the collagen mixture for a final collagen concen-
tration of 1.25 mg,/mL. Spot 30 uL of collagen /cell mixture
on to a 5-mm woven nylon mesh ring (Tetko, Inc) to provide
structural support (see Note 2). Allow the collagen to polym-
erize for 60 min at 37°C in a humidified 5% CO, incubator,
after which transfer each ring to a 96-well plate and cover
with the culture media (basic media supplemented with 1%
FBS and 30 ng/mL VEGEF-A 165). Incubate the cocultured
cells for up to 14 days at 37°C in a 5% CO, in air humidified
atmosphere and change the medium every 2-3 days.

. Fixation and staining of cells: At the end of the coculture, fix

the cells with 70% ice-cold ethanol. Wash the cells with PBS
containing 2% BSA and incubate with a mouse monoclonal
anti-human PECAM-1 antibody for 1 h at 37°C. After the
end of the incubation period, wash the wells with PBS and
incubate with an alkaline-phosphatase-conjugated anti-mouse
antibody and stain using 5-bromo-4-chloro-3-indolyl phos-
phate /nitro blue tetrazolium (BCIP/NBT) as reccommended
by the manufacturer. You can alternatively use all of the above
as a kit (Angiokit, see Subheading 2).

. Image capture and tubule quantification: Photograph five

randomly selected fields of view in each of the triplicate wells
per condition (see Note 3). Capture the images using a digi-
tal camera attached to a microscope on low magnification
(x40) and save them as TIFF files. Import the images into
Scion Image (NIH) and convert them to binary format.
Calculate the tubule area as the total number of pixels in
thresholded images. Measure the area occupied by the
endothelial cell aggregates in interconnecting tubules in the
same way but with the images of tubules deleted from each
image. Assess the tubule length by drawing a line along each
tubule and measure the length of the line in pixels, and count
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3.2. In Vitro Matrigel
Invasion Study (5-9)

3.3. Chorioallantoic
Membrane Assay
(9-11)

the branch point manually. Convert the measurements into
micrometer after calibration of the microscope /camera set up
by taking the image with a 50-pum graticule.

. Preparation of the endothelial cells: Rinse a confluent 150-

mm dish or equivalent HUVECs in 5 mL of RPMI or DMEM.
Wash cells three times with RPMI and culture them in serum-
reduced medium (1% FBS) overnight.

. When the chamber is ready (see below), add 5 mL of trypsin

EDTA solution and incubate the cells at 37°C until detached
from the plate (approximately 5 min).

. Neutralize the trypsin with equal amounts of trypsin inhibi-

tor (Soybean). Place the cells in a 50-mL conical sterile tube
and centrifuge for 5 min at 50 x g.

. Remove the supernatant and wash them three times with

RPMI with 1% FBS and reconstitute them in RPMI with 1%
FBS at a final concentration of 10° cells/mL (see Note 4).

. Preparation of the matrigel: Thaw matrigel at 4°C overnight

and dilute it (5-1 mg/mL) in serum-free cold culture media
(RPMI 1640 or DMEM). Under sterile conditions, add
100 pL of the diluted matrigel into the upper chamber of the
24-well transwell and incubate the transwell at 37°C for at
least 4-5 h for gelling. Wash the gelled matrigel with warmed
serum-free media.

. Culture of cells in the invasion chamber: Add 100 puL of the

cell suspension into the upper part of the matrigel-containing
transwell and fill the lower chamber of the transwell with
600 pL of culture media with 5 pg/mL fibronectin (see
Notes 5 and 6).

. Incubate for 24-72 h at 37°C. Stop the assay by adding

200 pL of the Diff-Quik fixative per well and incubate for
30 min. Remove cells from the top of the filter using a Q tip
twice. Aspirate the fixative and stain the cells for 2 min with
Diff-Quik solution II that has been diluted 1/1 with water
(double distilled). Dip the inserts 1 min for each solution (fix
solution, solution I and II). Dip the insert in the water to
wash out the dye. After the filter dries, remove from insert
with a scalpel and mount the filter on the slide with cell side
face down using permount. Count the result under micro-
scope (20x objective) (see Notes 3 and 7-9).

. Preparation of fertilized eggs: Fill the lower pan of the incu-

bator with double-distilled water to ensure a humidified envi-
ronment. Incubate fertilized chick eggs in the incubator
(37°C, 3% CO,) for 3 days on egg crates. Gently roll them
3—4 times a day (see Note 10).
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Assay (12-16)
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. When the eggs crack, remove some of the eggshell with the

tweezers and carefully pour the yolk into the Petri dishes
without disturbing it (see Note 11).

. Preparation of dry test pellets: Instill 10 puL of liquid methyl-

cellulose and 1 pg of purified growth factor or purified con-
trol protein into the Teflon pedestals and dry for 1 h (see
Note 12).

. Insertion of dry pellets and photographing of the chorioal-

lantoic membrane assay (CAM): Insert the dry pellets on the
P6 developing chick embryo, photograph the CAM, and
quantify the vessels using a computer software, comparing
vessels for embryos treated with the control substance versus
the growth factor.

. Alternatively, the branch points can be quantified manually

with the use of several blinded observers. A typical scale might
be as follows: less than 75 branches “0,” 75-150 “1,” 150-300
“2,” 300-600 “3,” and more than 600 “4.”

. Preparation of the Aorta: Euthanize the animal and open the

chest with dissecting instruments (scissors, forceps). Isolate
the aorta carefully avoiding trauma to its body.

. Transfer the aorta to a culture dish containing ice-cold

MCDB 131 culture medium or balanced salt solution. Flush
the aortas with ice-cold medium with a 1-mL syringe fitted
with a 23-gauge needle until the medium runs clear, and the
aorta is free of clotted blood. Cut the proximal and distal
2 mm segments and remove the surrounding fibro-adipose
tissue.

. Cut the aorta into 1 mm ring sections (see Note 13) and rinse

in 5-8 washes of ice-cold MCDB 131 culture medium.
Remove carefully under the dissecting microscope the fibroa-
dipose tissue and the collateral vessels with the microdissec-
tion scissors and forceps (see Note 14). Make sure that the
rings do not dry out. Transfer thse rings to 10 mL of fresh
ice-cold medium in a sterile culture tube and wash rings by
replacing the medium five times. Touch the rings onto a clean
Petri dish to remove excess medium.

. Making the Agarose Culture Wells: Prepare a 1.5% w /v aque-

ous solution of agarose and autoclave to dissolve and sterilize.
Pour 30 mL of agarose solution into each culture dish and let

it solidify.

. Make 6-7 concentric rings/dish with the puncher and use

them as culture wells.

. Remove the central portion of the rings with a bent spatula

and transfer them into bacteriological Petri dishes (using these
dishes improves the adherence of the agarose to them).
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3.5. Matrigel Plug
Angiogenesis Assay
(17-20)

7. Preparation of the aortic ring cultures: Dissolve the fibrinogen

in MEM and filter the solution through a 0.4-pum sterile filter
to remove clumps, which will interfere with its polymeriza-
tion. Mix 1 volume of the fibrinogen solution with 0.02 vol-
umes of the thrombin (50 U/mL) and vortex. Promptly add
200 pL of the collagen solution to coat the bottom of each
agarose well and allow it to gel in the incubator.

. Add the rings that were prepared as previously and arrange

them in the bottom of each agarose well horizontally. Fill
each well with 200 pL of the fibrinogen solution to cover the
rings. Add 30 mL of MCDB131 medium containing
L-glutamine (1.5 mg/mL), penicillin (100 U/mL), streptomy-
cin (100 pg/mL), amphotericin B (0.25 pg/mL), and 300 ug/
mL e-amino-#-caproic acid (to prevent spontaneous fibrinoly-
sis) to each dish and incubate at 37°C in the incubator.

. Culturing of the rings: Incubate the cultures at 37°C with 5%

CO, and change the medium every 2 days. Fibroblasts grow
out of the aortic explant within 2 days of culture, whereas
endothelial cells migrate into the matrix as microvessels by day
4. The growth combination throughout the first week (number
and length of the microvessels), whereas in the second week the
vessels begin to regress. On day 12, carefully remove the aortic
segments and incubate the remaining cells (microvessels) for
4 h at 37°C with a solution of Dil-Ac-LDL (10 pg/mL) in
MEM medium followed by three washings of 1 h each in fresh
medium. The uptake of the Dil-Ac-LDL is strong from the
endothelial cells and minimal from the fibroblasts. Visualize
stained endothelial cells in a fluorescent microscope (Leica) and
photograph them (see Notes 15-17).

. Preparation of the matrigel /growth factor injections: Thaw

matrigel on ice overnight at 4°C and the next day mix on
vortex. Be careful to not allow the matrigel to be warmed at
room temperature (see Note 18). Pipette equal amounts of
matrigel in separate 14 mL tubes, calculating that each mouse
should require 0.5-1 mL and each test condition should need
3—4 mice.

. Each test condition should have a positive control containing

150 ng/mL FGS and a negative control containing only
matrigel. Add the desired concentration of the growth factor
that will be tested (see Note 19), equalize the volumes with
cold PBS and mix in cold room with careful inversion and

avoid bubbles.

. Animal injections and monitoring: Anesthetize the animals

and load the prechilled tuberculin syringes, without the nee-
dle, with the mixture of matrigel and growth factor (or con-
trol). Inject in each animal 500 pL of the matrigel mixture



3.6. Mouse Corneal
Angiogenesis Assay
(21-22)
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into the ventral area of each mouse (see Note 20). The typical
maximal response is 1 week to 10 days later (the peak of the
angiogenesis response is around the seventh day) after the
injection. The plugs appear as bumps on the central side of
the animal.

. Removal of the plugs: Inject 0.2 mL of 25 mg/mL FITC-

dextran (1 x106 MW) in PBS (30 mg/mL) through the lat-
eral tail vein and allowed to circulate for 30 min. Euthanize
the mice with cervical dislocation or CO, and collect blood
samples by cardiac puncture into heparinized tubes. Centrifuge
immediately after the collection, collect the upper phase
(plasma) and store at 4°C protected from light. Resect the
matrigel plugs, place in tubes containing 1 mL of 1,/10 dis-
pase and incubate in a shaker in the dark, at 37°C overnight.
The following day homogenize the plugs, centrifuge at
3,000x 4 for 10 min and measure the fluorescein emission
with a fluorescence plate reader using a standard curve created
by serial dilution of FITC-dextran. The angiogenic response
can be expressed as a ratio of matrigel plug fluorescence and
plasma fluorescence (see Note 21).

. Preparation of mouse for injection: Anesthetize mice with

70-80 mg/kg nembutal sodium solution intraperitoneally.
Place mouse under the microscope and use your fingers as an
ophthalmic retractor to expose the cornea. Under direct
observation, under the microscope make a nick in the epithe-
lium and anterior stroma in the midperiphery with a half an
inch 30-gauge needle (Becton Dickinson, Franklin Lakes,
NJ) (see Note 22).

. Inject 2 uL of the growth factor or control protein with a half

an inch 33-gauge needle with a 30° bevel on a 10-uL gas
tight Hamilton syringe (Hamilton, Reno, NV). Take pictures
with the dissecting microscope and document vessel growth
with the microscope on days 1, 3, 7, and 21. Quantify the
vessel length with computer software (density slicing, see
below, Improvision, Openlab).

. Perfusion of the animals and enucleation of the eyes:

Anesthetize mice deeply as above and open the chest cavity
with the use of dissecting scissors. Introduce a 16-gauge per-
fusion cannula attached to a 10-mL syringe filled with PBS
into the left ventricle and place a cut on the right atrium to
allow drainage of the blood. Slowly perfuse PBS into the left
ventricle following by 1% paratformaldehyde and FITC-
coupled Con A lectin (20 pg/mL in PBS, pH 7.4, 5 mg/kg
BW) at physiologic pressure.

. Fixing and staining of the corneas: Enucleate the eyes, dis-

sect the corneas, and mount them onto microscope slides.
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3.7. Retinopathy
of Prematurity Model
(23-25)

Use the fluorescent microscope to obtain pictures of the
fluorescein-labeled vessels. Outline the total surface of the
retina using the outermost vessel of the arcade near the ora
serrata. Set a threshold of fluorescence above which only the
fluorescence in the vessels will be captured (density slicing)
and a level of fluorescence above which the whole cornea
will be captured. Calculate the ratio of the vascular area and
the total corneal area for each eye. The blood vessel tufts
can be counted manually by analyzing enlarged images of
the cornea.

. Hypoxia—hyperoxia induction: Keep newborns with their

nursing mother either in room air or in the Plexiglas
chamber from postnatal day PO-P7. Maintain the oxygen
concentration of the chamber between 74.5 and 76%.
Return the mice in room air for 5 days from P7 until P17
(see Notes 23-25).

. Perfusion of the animals: Anesthetize the mice deeply by an

intraperitoneal injection of 9 pL /g mouse BW of a solution
containing 1 mL ketamine (100 mg/mL), 1 mL xylazine
(20 mg/mL), and 5 mL sterile saline. Make a sternotomy
with the dissecting scissors and penetrate the left ventricle
with a 20-gauge 1% cannula (BD). Perforate the right atrium
to establish blood outflow. Perfuse the mice with 1.5 mL of
NaCl 0.9% followed by 1 mL of paraformaldehyde 1%, 1.5 mL
fluorescein concanavalin A 5% solution, and finally 1.5 mL
PBS maintaining physiologic pressure.

. Preparation of retinas: Enucleate the eyes and remove the

cornea, the lens, and the vitreous. Fixate the eye cups in 1%
PFA solution for 20 min. Make four radial cuts that will allow
the spread of the tissue as a clover leaf. Separate the retina
from the underlying choroid and sclera and mount on a
microscope slide using fluorescence mounting medium.

. View the retinas with a fluorescence microscope and photo-

graph by using a digital camera. Capture the images on a
computer and analyze, for example with Open Lab software
(Improvision, Inc).

. Convert the images to TIFF files (tagged information file for-

mat). Outline the total surface of the retina using the outer-
most vessel of the arcade near the ora serrata. Set a threshold
of fluorescence above which only the fluorescence in the ves-
sels will be captured (density slicing) and a level of fluores-
cence above which the whole retina will be captured. Calculate
the ratio of the vascular area and the total retinal area for each
eye. The blood vessel tufts can be counted manually by analyzing
enlarged images of the retina.



Angiogenesis Assays 355

4. Notes

. HUVEG:s and fibroblasts should not be older than six passages

because they are primary cultures and they tend to lose their
differentiated characteristics, confluence should be less than
70% (otherwise the endothelial cells stop proliferating-con-
tact inhibition). Carry the experiments soon after the plating
of the cells. Because the endothelial cells are usually quies-
cent, it is often necessary to stimulate proliferation by serum
starvation (1% FBS) and then reintroduce serum with the
test substances (you have to be careful not to induce
apoptosis).

. If the coculture system is used to test an angiogenic or anti-

angiogenic substance, several concentrations should be tested
at least in triplicate (three positive wells and three negative).
When handling the transwell for the in vitro matrigel assay,
avoid bubbles at both sides of the filter.

. Although the dishes with the stained cells can be stored up to

a week at 4°C, the pictures should be taken within few days
because the matrigel tends to dry up and the morphology is
not preserved.

. The lowest amount of serum concentration with which

endothelial cells from tubes in vitro in matrigel should be
used.

. To perform assays on smaller plates, the amount of matrigel

and cells that are plated has to be reduced accordingly. For
example, 48-well dishes the wells are coated with 200 uL of
matrigel and 24,000 cells are plated in 150 pL of medium. If
the cells aggregate during the invasion study, reduce the den-
sity of the cell suspension.

. Fresh media with and without the test substances have to be

replenished every 72 h and the plates have to be tested for
tube formation every 24 h. Matrigel tends to form a gel
quickly at room temperature, so the pipettes and the tips that
will come in contact with it need to be prechilled to prevent
it from solidifying. Do not use a concentration of matrigel
bellow 1 mg/mL because it will not solidify.

. Although the endothelial tubes can be seen even in unstained

cultures, to determine the extent of tubule formation, it is
best to fix the cells with 70% alcohol and stain with endothe-
lial markers. Do not stain the matrigel with Diff-Quik solu-
tion II for longer than 2 min without previous dilution
because it will stain excessively the matrigel and the identifica-
tion of the tubular structures will not be easily observed.
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8.

10.

11.

12.

13.

14.

15.

16.

Collagen-embedded cells were fixed in 4% formaldehyde
overnight and incubated with 10 pg/mL tetramethylrhod-
amine isothiocyanate (TRITC)-labeled lectin (Ulex euro-
pacus UEA-I Sigma) for 1 h. For prelabeling fibroblasts, cells
were loaded with CellTracker Dye Green DMFDA (10 um
Molecular Probes) for 30 min in serum-free medium and
used in the angiogenesis assays. Cells were mounted in Aqua
Mount (Lerner Labs) and visualized on a Leica DM5000B
microscope.

. An alternative method of growing vessel quantification is the

measurement of hemoglobin content with a commercial kit
(Drabkin reagent 525 kit, Sigma, St Louis, MO).

Rotate the eggs periodically and do not let them sit for the
whole 3 days. Use 3—4 dozen eggs on the crates because 10%
of eggs do not develop embryologically.

Make sure that when you pour the eggs into the dishes the
yolk remains intact, otherwise the embryo will not develop
normally.

Always use a control protein because the inflammatory
response from the procedure itself can mimic the angio-
genesis process.

Embed the aortic rings on their sides and not on their ends,
because this provides optimal visualization of the microvessels
(if the rings are on their ends, the vessels appear to grow
toward the observer). The optimal length of the rings should
be 1 mm, shorter lengths are more difficult to handle and
vascularize less, whereas longer lengths have lower yields per
aorta.

To reduce the adventitial fibroblast content in the culture,
the intimal layer can be teased out with fine forceps to about
half thickness of the aorta. Rat endothelium is very well
adhered to the intima and unlike larger species rinsing of the
aortas and removal of clotted blood will not lead to stripping
of the endothelium.

When the cultures are supplemented with growth factors,
the vessel growth increases exponentially (50 ng/mL
FGF or 0.5% serum). This makes manual quantification
difficult. Computer-assisted quantification is preferable
because it takes into account the length and width of each
vessel.

It is necessary to keep the same microscopic setting through-
out the entire experiment and the same illumination setting,
otherwise biases are introduced into the computer-assisted
quantification to decrease the background fluorescence Lab-
Tek Permanox 8-well chamber slides (Nunc International)
can alternatively be used.
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24.

25.
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The aortic rat study is most suitable to study the efficacy of
angiogenic agents. This is true because spontaneous angio-
genesis in the rat rings is minimal and significantly enhanced
by angiogenic compounds. For the study of antiangiogenic
agents, it is best to supplement with growth factors (50 ng/
mL FGF or 0.5% serum).

Notes for the matrigel in vivo assay — To minimize bubbles
from the vortexed Matrigel and minimize the injection prob-
lems, allow the tubes to stand on ice for 10 min.

When screening putative antiangiogenic compounds add
150 ng/mL bFGF instead of ECGS to all the tubes except
the negative controls.

Allow the matrigel to gel for 10 min before injecting it to the
animal and avoid puncturing the skin because the material
will flow out. Always use a sterile technique to prepare the
injections and perform them.

If there are bubbles, cracks, or artifacts in the picture, use the
drawing tool to select a portion of the picture without them
because they will be picked up by the density slice feature and
skew the results. Draw the same size box on all sections of the
experiment.

The mice need to be anesthetized deeply because they need
to be completely immobilized to ensure a successful injec-
tion. Make the cut in the cornea in correspondence to the
pupil and orient the injection toward the lower lid. It is some-
times useful to drain a small amount of aqueous fluid to
reduce corneal tension. It is better to position the injection
1 mm from the limbus to allow for the diffusion of the test
substances and the subsequent formation of a gradient for the
endothelial cells of the limbal vessels.

Notes for the byperoxia-induced rvetinopathy model. C57BL /6]
mice should be preferably used because the pathology of
other strains differs when this protocol is used. Some strains
such as BALB/cBy] do not develop hyperoxia-induced vas-
cular obliteration.

The chamber that will be used should allow the circulation of
air throughout and should have an automated oxygen moni-
tor that controls the oxygen influx in the chamber according
to the levels of oxygen. The chamber should be air tight so
that the desirable (75%) levels of oxygen are maintained but
at the same time not to allow lethal concentrations of carbon
dioxide to be reached.

Hyperoxia can cause problems to the mothers. Monitor the
mothers closely during the last days of hyperoxia and the
first days of normoxia and replace with surrogate mothers, if
necessary.
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Chapter 29

Flow Cytometric DNA Analysis of Human Cancers
and Cell Lines

Sarah A. Krueger and George D. Wilson

Abstract

Measurement of DNA content was one of the first applications to be developed in the use of flow cytom-
etry and is still used routinely in many experimental and, to a lesser extent, clinical studies. The goal of
this technique is to produce a high quality DNA profiles for accurate analysis of DNA content and cell
cycle distribution. In this chapter, we describe three DNA measurement methods that satisfy this require-
ment in different situations. It is widely accepted that the Vindelov method produces the highest quality
DNA profiles in nuclei from solid tumours or cell lines. However, in many situations, DNA content is
combined with another marker, so we describe a method which produces high quality DNA profiles in
intact cells. Third, because the Vindelov technique requires prompt processing of fresh tumours, so we
also describe a technique that derives nuclei from ethanol fixed tumours providing the convenience of
storage before processing.

Key words: Flow cytometry, Cell cycle analysis, DNA index, Propidium iodide

1. Introduction

Two of the most popular flow cytometric applications are the
measurement of cellular DNA content and the analysis of the cell
cycle. This has led to a diverse array of different protocols and
methods of analysis that have been developed to accurately assess
these parameters. However, the amount of information that can
be extracted from a DNA distribution depends heavily on the
technical quality of the preparation and the methods used for
standardization and statistical analysis of the sample. In this
chapter, we will describe a set of methods from the most rigor-
ous to the most practical that can be used to satisty different
experimental needs in the setting of both cancer cell lines and
solid tumors.

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_29, © Springer Science+Business Media, LLC 2011
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Measurement of the DNA content of individual cells provides
information about ploidy and the distribution of cells across the
cell cycle; both of which are relevant information in oncology (1).
The fundamental tool of flow cytometric DNA analysis is the
DNA histogram (Fig. 1). The aim of the methods described in
this chapter is to provide reliable, robust, and reproducible meth-
ods to produce good quality DNA histograms. A good quality
DNA histogram is characterized by a minimal amount of debris
and a symmetrical G1 peak with a low coefficient of variation
(CV). These attributes facilitate the analysis of the histogram to
reliably measure the different components of information present
in the profile such as the number of subpopulations with different
DNA contents, including their DNA index and their proportion,
and the percentages of cells in each phase of the cell cycle (G1, S
and G2+M).

The DNA histogram for cell lines appears to be a relatively
simple data set, which is usually characterized by two peaks sepa-
rated by a trough. The first peak, which is generally larger, repre-
sents cells in GO/G1 and the second, which have twice the
fluorescence intensity of the first, corresponds to cells with G2 or
M DNA content. The cells between these peaks represent S-phase
cells. In an ideal DNA histogram all GO/G1 cells and G2 /M cells
would reside in two single channels as they have the same DNA
content. However, in practice, the data are distributed due to
instrument-related, staining and biological factors, and this dis-
persion is assumed to be Gaussian. Unlike more complex tissues
and tumors, it can be assumed that all cells in cell cultures have
the same intermitotic cycle at the end of which they divide and
produce two daughter cells. Thus all cells contribute to growth

256 G1/GO
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DNA content

Fig. 1. A basic DNA histogram of propidium iodide staining of DNA content on the x-axis
versus cell number on the y-axis. The major cell cycle populations are indicated.
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and the cell population doubles in size every cell cycle time (7).
A population of cells such as this will, unless synchronized, follow
a smooth exponential growth curve with no periodicity; this is the
characteristic of asynchronous growth. The equation to describe

the growth of an asynchronous population is given by
N, = N, exp(t)

where N is the population size at some arbitrary time zero and &
is the growth constant which is simply related to the cell cycle
time in this situation,

log.2

b=—85=
T

c

A feature of asynchronous cell populations that is rarely consid-
ered in experimental studies is that there is a distribution of cell
ages is present. In a growing cell population, the age distribution
cannot be rectangular as there must be more young cells in the
population than old (2). If cell age is measured from the end of
mitosis and, every cell produces two daughter cells, then the
probability of finding a cell of zero age is twice the probability of
finding a cell at age 7’ (Fig. 2).

The age distribution is a crucial link between the time a cell
spends in a particular state (or cell cycle phase) and the proportion
of cells that will be found in that state. The S-phase area and shape
of its upper surface from the DNA histogram will be identical to
the upper S-phase boundary of the age distribution diagram

2.0

—_
Q

Probability

0.0

— TG1 TS "_TGQM -

Cell age

Fig. 2. A schematic representation of the age distribution of exponentially growing cells
through the cell cycle. The distribution depicts that the probability of finding a cell at
zero age (the beginning of the cycle) is twice that of finding a cell at age T, (the end of
the cycle).
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(Fig. 2) if the rate of DNA synthesis is constant. This explains why
rapidly dividing cell lines, such as V79 cells, have a skewed DNA
profile as they have more cells in early S than in late S. Thus the
shape of the DNA histogram reflects the age distribution and pro-
liferation characteristics of the cell line.

The shape of the S-phase distribution is an important consid-
eration for the analysis of cell-cycle phase distribution. The dis-
persion in the DNA histogram requires that statistical models
need to be applied to deconvolute the overlap of the S-phase dis-
tribution into the G1 and G2 populations. In general, Gaussian
peaks are fitted to the G1 and G2 populations but a variety of
models including multiple Gaussians, rectilinear or polynomial
have been applied to model different S-phase distributions (3).

The term ploidy is often used in flow cytometry to describe
the quantity of DNA in a sample. However, ploidy is a cytoge-
netic term referring to the number of chromosomes which are
not measured by simple DNA staining and flow cytometric analysis.
The term “DNA index” is a more acceptable and realistic descrip-
tion of the information that is obtained from flow cytometric
analysis of DNA. The DNA index is the ratio of the G1 peak posi-
tion of a test population to the Gl peak position of a known
diploid standard. The key aspects for rigorous DNA index analy-
sis are the quality of sample preparation, stoichiometry of DNA
dye binding and methods of standardization.

Three different methods for extracting high quality DNA
profiles are described below for three specific situations (1) nuclei
from cell lines — the Vindelov technique (4), (2) intact cells from
cell lines and (3) nuclei from solid tumors. The production of
good quality DNA profiles from cells extracted from solid tumors
has always been problematical due to the need to use fresh tissue
which is digested by enzymes such as trypsin, collagenase, and
elastase. The method we will describe uses pepsin digestion of
70% ethanol-fixed tumours to produce nuclei (5).

2. Materials

2.1. Staining DNA
in Nuclei from Cell
Lines (Vindelov
Technique)

1. Citrate bufter — 11.76 g Trisodium citrate-H,O (40 mM) and
85.5 g sucrose (250 mM) dissolved in ~800 mL distilled
water and 50 mL DMSO. Adjust pH to 7.6 and total volume
to 1,000 mL with distilled water. Store at 4°C.

2. Stock solution — 1,000 mg trisodium citrate-2H,O (3.4 mM),
1,000 uL Nonidet P-40 (0.1% v/v) (Roche Applied Science),
522 mg spermine tetrahydrochloride (1.5 mM) (Sigma-
Aldrich Co.), 61 mg Tris (hydroxymethyl)aminomethane
(0.5 mM) (Sigma-Aldrich Co.) in distilled water to a final
volume of 1,000 mL.



2.2. Staining DNA from
Cultured Cell Lines

2.3. Staining DNA from
Solid Tumours

3.

4.

5.
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Solution A — 1,000 mL stock solution and 30 mg trypsin
(Sigma-Aldrich Co.) adjusted to pH 7.6.

Solution B — 1,000 mL stock solution, 500 mg trypsin inhibi-
tor (Sigma-Aldrich Co.), and 100 mg RNAse A (Sigma-
Aldrich Co.) adjusted to pH 7.6.

Solution C — 1,000 mL stock solution, 416 mg propidium
iodide (Fluka Chemicals), and 1,160 mg spermine tetrahydro-
chloride (Sigma-Aldrich Co.) adjusted to pH 7.6 (see Note 1).

The citrate buffer is stored at 4°C. The staining solutions are
stored in aliquots of 5-mL in capped plastic tubes at —-80°C. The
tubes with solution C are wrapped in aluminium foil for light
protection of the propidium iodide. Before use the solutions are
thawed in a 37°C water bath but kept at room temperature.
Solution C is kept in an ice-bath.

1.

T25 flasks, 15-mL round-bottomed centrifuge tubes, and
5-mL FACS tubes.

. Cell culture media: Choose the appropriate media for the cell

line of interest.

. Hank’s Buffered Salt Solution (HBSS 10x, Gibco, Invitrogen,

Carlsbad, CA, USA).

. 0.05% Trypsin/0.02% EDTA. Weigh out 250 mg of trypsin

and 100 mg of EDTA and dissolve in 500 mL HBSS. Filter
and sterilize the solution and then aliquot and store at it
-20°C until use.

. Phosphate buffered saline (PBS 10x, Gibco, Invitrogen,

Carlsbad, CA, USA).

. 70% Ethanol. Measure out 350 mL of 200 proof pure etha-

nol and add 150 mL distilled water or PBS. Mix well and
store tightly capped at -20°C.

. Phosphate buffered saline (PBS 10x, Gibco, Invitrogen,

Carlsbad, CA, USA).

. Propidium iodide (stock solution, 400 ug/mL). Add 1.2 mg

PI to 3 mL distilled water and vortex to mix. Store stock solu-
tion at 4° or aliquot and store at -20°C protected from light
(see Note 1).

. RNase A (stock solution, 1 mg/mL). Add 1 mg RNase A to

1 mL distilled water or PBS and vortex to mix. Aliquot and
store at -20°C.

. Phosphate buffered saline (PBS 10x, Gibco, Invitrogen,

Carlsbad, CA, USA).

2. 70% Ethanol (as above).

. Pepsin solution: 0.4 mg/mL pepsin (Sigma-Aldrich Co.) in

0.1 M HCI. Dissolve the required amount of pepsin in
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4.
5.

1-2 mL of PBS and then add the HCI. If the solution looks
cloudy warm to 37°C.

35 um Nylon mesh.
Propidium iodide (stock solution, 400 pug,/mL).

3. Methods

3.1. Staining DNA
in Nuclei from Cell
Lines (Vindelov
Technique)

3.2. Staining DNA
from Cultured Cell
Lines

Staining is performed by stepwise addition of the staining solu-
tions to 200 uL of sample cell suspension with the appropriate
cell concentration (~106 cells total).

1.

Add 1,800 pL of Solution A to the cells and invert the tube
to mix contents gently. Incubate the tube at room tempera-
ture for 10 min with occasional inversion.

. Add 1,500 puL of Solution B to the tube and invert the tube

to mix contents gently. Incubate the tube at room tempera-
ture for 10 min with occasional inversion.

. Add 1,500 uL of ice-cold Solution C to the tube and mix

contents gently. Filter through 35 uM nylon mesh into tubes
wrapped in aluminium foil for light protection of PI.

. Keep on an ice-bath until analysis, preferably within 15 min

to 3 h after adding Solution C.

. Culture cells in T25 flasks until 60-70% confluency is reached

(see Note 2).

. Remove media and wash cells with 0.5 mL trypsin, swirling

to coat flask surface evenly. Aspirate and add another 0.5 mL
trypsin, placing the flask in an incubator for 2—-3 min or until
cells begin to detach from the flask surface with a gentle tilt
or tap.

. Add 3-4 mL of culture media to the flask to neutralize the

trypsin and wash the cells from the flask surface. Transfer cell
suspension to a 15-mL centrifuge tube and centrifuge at
200 x g for 5 min at room temperature.

. Aspirate media from tube being careful not to disturb the cell

pellet and add 5 mL PBS (see Note 3). Mix cells gently to
bring them back into suspension and then centrifuge at
200 x g for 5 min. Repeat once.

. After the second PBS wash, resuspend the cell pellet in 200 pL

PBS and add 3-5 mL ice cold 70% ethanol dropwise while
vortexing. Cap tightly and store samples at least overnight at
4°C or up to several weeks at -20°C (see Note 4).

. When ready for staining, remove tubes from refrigerator or

freezer and add 5 mL cold PBS to each.
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7. Centrifuge at 700 x g for 5 min at 4°C and aspirate off PBS /
alcohol being careful not to disturb the cell pellet. Add
2-3 mL of cold PBS to resuspend the pellet and then centri-
fuge at 700 x4 for 5 min.

8. Aspirate the second PBS wash and add 200 uL PBS to resus-
pend the cell pellet. Transfer cells to a 5-mL FACS tube and
pass through a 18 gauge needle 4-5 times to reduce clump-
ing and produce a single-cell suspension (see Note 5).

9. Add 100 puL of the stock RNase A solution and 100 pL of the
stock PI solution to the cell suspension and incubate pro-
tected from light for 30 min at room temperature.

1. Mince fresh tumour specimens with scissors or leave as large
pieces.

2. Add 10 mL of 70% ethanol and store at 4°C. Fix overnight or
longer prior to staining.

3. Decant the ethanol and mince the tissue into small (1 mm)
fragments.

4. Add 5-10 mL of the pepsin/HCI solution.

5. Incubate on a rotor or shaking water bath for 30-60 min
depending on the tissue (see Note 6).

6. Further dissociate by pipetting.

7. Filter through the nylon mesh into a conical-bottomed
10-mL tube.

8. If required, count the suspension and remove the desired
number of nuclei.

9. Centrifuge at 700 x g for 5 min.

10. Resuspend the pellet in 1-2 mL of PBS containing 10 ug/mL
propidium iodide (see Note 7).

Determination of nuclear DNA content by flow cytometry
requires comparison with a reference standard. The use of
external standards such as lymphocytes or granulocytes is time-
consuming and inaccurate. Chicken red blood cells (CRBC) have
a DNA content of 35% of the human diploid value and have been
widely used as internal standard. The ratio calculated on the basis
of the peak channel numbers of the standard and the sample and
used to indicate the DNA content is, however, very sensitive to
changes in the zero level adjustment of the flow cytometer. If
two internal standards are used the DNA ratio becomes indepen-
dent of the zero level. Rainbow trout red blood cells (TRBC)
have a DNA content of 80% of human diploid cells and their
combination with CRBC provides the most consistent and robust
method to standardize DNA index analysis (6). Ideally, the stan-
dards should be processed in the same way as the cells of interest.
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3.5. Flow Cytometric
Analysis

3.6. Data Analysis

The red cell concentrations should be adjusted by dilution with
citrate buffer to CRBC=145x10*/mL and TRBC=255x10*/
mL. Mixing these solutions in equal volumes gives a final con-
centration of 2x10%/mL with a ratio of CRBC:TRBC of 4:7
which will produce equal size peaks in the histogram. If cell cycle
analysis is the only parameter of interest, then there is no need to
include standards.

This protocol assumes that the user is familiar with the principles
and practices of flow cytometry. This type of staining can be ana-
lyzed on any of the modern flow cytometers with the proviso that
the machine is equipped with a pulse-processing facility to enable
the discrimination of cell doublets. The procedure described
below is specific to a Becton Dickinson FACS machine.

1. For the purposes of collecting data, all plots must be format-
ted for “Acquisition.”

2. Create a two-parameter dot-plot of forward light scatter
(FLS) vs. side scatter (SS).

3. Create a two-parameter dot-plot of FL.2 (area) vs. FL2 (width)
to monitor doublets (see Note 8).

4. Create a single-parameter FL2 (area) histogram with linear
x-axis to illustrate relative DNA.

5. Select the signal threshold (the point at which a signal will be
accepted as a positive event) to FL.2 and then set an appropri-
ate value to gate out debris.

6. Run the sample and adjust both FLS and SS photomultiplier
tube (PMT) voltages so that the majority of dots are contained
roughly within the center of the dot-plot.

7. Adjust the FL2 PMT voltage up or down until the peak
appears in the graph. The convention for DNA index analysis
is to adjust the GI1 peak to channel 200 such that tetraploid
populations of cells would be contained within the 1,024
channel scale. However, if the analysis is only concerned with
cell cycle distribution of a cell line, it is better to adjust the G1
to channel 400 and provide more channels (9,400 versus
200) for subsequent computer analysis of the profile. The
gain on FL-2 W may need to be increased to best discriminate
the doublets (Fig. 3).

8. Collect at least 10,000 ungated events.

1. The starting point for data analysis is to create the FL2-area
versus FL2-width dot plot in the analysis portion of CellQuest
(Becton Dickinson) or other proprietary (ModFit — Verity
Software House Inc.) or free software (WinMDI 2.8) (see
Note 9).
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Fig. 3. The application of pulse processing to carry out doublet discrimination and allow the accurate analysis of the

single cell population.

. A region is created (Fig. 3) around the single cell population

in the dot plot. A histogram of FL2-area is created and the
region 1 gate applied to the data to exclude debris and
doublets.

. Simple analysis can be achieved by setting regions on the

appropriate populations in the DNA histogram. However,
accurate cell cycle and DNA index analysis should be per-
formed using dedicated software supplied with the instru-
ment being used. For the purposes of this protocol, analysis
was carried out using the ModFit software (Verity Software,
Topsham, ME, USA).

. Open the ModFit program and select the appropriate FILE.

. Choose the parameter for analysis; in this case select FL.2A for

relative DNA content.

. Define “gate 1” by selecting FL2A (x) and FL2W (y). Drag

each of the points of the gate (R1) to include the entire cell
population of interest.

. Choose a specific MODEL to analyze the data or use the

suggested model according to specified parameters, such as
whether samples were fresh or frozen or paratfin embedded;
of diploid, aneuploid, or tetraploid DNA content; whether
aggregates were present; or if there is a visible G2 /M frac-
tion. The model can also account for the presence of internal
standards should they be included.
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Fig. 4. The use of cell cycle fitting software (ModFit) to discriminate different populations based on DNA index and to
analyze cell cycle distributions. An autoanalyze model has been used to determine the DNA index (DI: 1.40) and the
percentage of cells in the diploid and aneuploid compartments of a head and neck cancer. The routine locates the main
peaks (indicated by friangles) and fits an automated cell cycle analysis based on Gaussian distributions for the peak
populations and will choose the best model to determine cell cycle phase analysis based on nonlinear least squares
analysis. Many options are available in the software to choose specific ploidy models and S-phase distribution analyses
that can be tailored to a specific histogram.

8.

10.

Check the position and RANGE of the markers that are
automatically placed on the histogram and adjust their posi-
tion if necessary (this may be the case, particularly if the
S-phase fraction becomes relatively high).

. Calculate the relative cell cycle distributions using the FIT

option (Fig. 4).
Data can then be tabulated and exported to a suitable presen-
tation package, for example, Excel.

4. Notes

. Propidium iodide is a suspected carcinogen so contact with

eyes, skin or mucous membranes should be avoided. Always
wear proper protective clothing and gloves when preparing or
handling this solution. PI should be handled cautiously at all
times and stock solutions prepared in a fume hood.

. This method is described using a T25 flask of adherent cells

for simplicity. The size of flask and cell confluency may be
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altered to suit each individual experiment or cell line, just
scale up the amount of each reagent used based upon the
numbers presented here. For nonadherent cells, skip to step 4
as they will not need to be trypsinized.

3. Aspiration (as opposed to pouring oft) of the liquid is preferred
so as to not accidentally dislodge the cell pellet. Aspiration
also allows for better removal of the wash buffer and alcohol
during the staining steps.

4. Itis very important to resuspend the cell pellet before adding
the ethanol. Also, adding the ethanol slowly while vortexing
is necessary to ensure proper fixation.

5. Cells may be passed through a cell filter instead of using a
needle, or, for particularly sticky cells, both may be utilized to
ensure a single-cell suspension.

6. Different human or experimental tumours take different
times to dissociate depending on their cellular make-up. The
optimum time needs to be established for each tumour.

7. There is no requirement to add RNAse to the staining solu-
tion as the acid component of the dissociation solution hydro-
lyzes RNA in the nuclei.

8. Doublet discrimination or pulse processing utilizes the differ-
ence in the width component of the FL2 signal to separate
doublet G1 cells from true G2+M cells; the doublets have a
higher width signal. Some modern machines, such as the
FACSAria, do not have the ability to discriminate doublets
due to their beam profile and are not suited to routine DNA
analysis.

9. In most benchtop flow cytometers, the propidium iodide sig-
nal can be collected into the F1.2 (orange) or FL3 (red) detec-
tors as the emission spectrum of the dye spans the collection
range of both channels. Use of FL3 is reccommended when
propidium iodide staining is combined with a fluorochrome
such as fluorescein isothiocyanate (FITC) to minimize any
spectral overlap.
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Chapter 30

Expression Analysis of Homeohox Genes
in Leukemia/Lymphoma Cell Lines

Stefan Nagel and Hans G. Drexler

Abstract

Homeobox genes code for transcription factors which have a strong impact on cellular behavior, includ-
ing differentiation, proliferation, and survival. Therefore, upon deregulation these genes may turn into
oncogenes, contributing substantially to cancerogenesis. Among hematopoietic malignancies, including
leukemias and lymphomas, several homeo-oncogenes have been described. Many of them have been
identified in hematopoietic cell lines, which serve as useful tools for oncogene hunting and characteriza-
tion. Here, we describe molecular methods for analysis and quantification of dysregulated homeobox
gene expression in leukemia/lymphoma cell lines.

Key words: Homeobox, Leukemia, Lymphoma, Oncogene, Quantification

1. Introduction

Homeobox genes share a ~180 bp region, named homeobox,
which codes for a DNA-binding and protein-interacting struc-
ture, termed homeodomain (1). Human genomes contain about
200 different homeobox genes (2). This gene family is evolution-
ary old and appeared along with the origin of multicellularity (3).
According to their conserved homeobox sequences, homeobox
genes were classified into classes and families. Antennapedia is a
homeotic mutant in Drosophila and, according to the affected
homeobox gene, the name of the most comprehensive class of
homeobox genes which comprises several families, including
NKL, HOX, and EHG (4).

Due to the high impact of homeobox genes in developmental
and tissue-specific processes, mutations or dysregulations may result
in severe congenital diseases or cancer. For example, members of
the NKL-family of homeobox genes are involved in certain genetic

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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diseases and a special form of leukemia, T-cell acute lymphoblastic
leukemia (T-ALL): NKX2-5 mutations are responsible for heart
malformations and the Wolt~Hirschhorn syndrome; TLX3/
HOXI1L2 mutations cause congenital central hypoventilation
(5-7). In T-ALL both genes are ectopical activated via chromosomal
aberrations and probably deregulate apoptosis and differentiation
(8,9). Other T-ALL associated homeobox genes include members
of the clustered HOX genes, HOXA5, HOXA9, and HOXAI10
(10). Expression analysis of Hodgkin lymphoma cell lines identified
HOX-family member HOXB9 as the most prominent deregulated
homeobox gene in this and related lymphoma entities (11). Finally,
HLXB9 is a member of the EHG family of homeobox genes,
mutated in the Currarino syndrome and additionally deregulated in
particular types of leukemia and lymphoma (12-14).

Taken together, homeobox genes are important regulators for
cell differentiation with major impact on normal and aberrant
development. Expression analysis of this group of transcription
factors is of interest for understanding differentiation processes and
cancer, including leukemia and lymphoma (15). Cell lines repre-
sent an ideal tool for hunting and characterizing oncogenic homeo-
box genes. Subsequent knockdown and overexpression approaches
in cell lines allow for the identification of downstream targets and
cellular functions of particular homeobox genes (16, 17).

Here, we describe polymerase chain reaction (PCR)-based
methods to analyze homeobox gene expressions in (leukemia/
lymphoma) cell lines: qualitative analyses of particular genes by
reverse transcription (RT)-PCR and quantitative analyses by real-
time PCR and of several genes using degenerate oligonucleotides
with subsequent subcloning.

2. Materials

2.1. RNA Extraction
and cDNA Synthesis

—

. PBS (8 g NaCl, 0.2 g KCl, 1.44 g Na,HPO,, 0.24 g KH,PO,,
pH 7.2, per1L).

. TRIzol reagent (Invitrogen, Karlsruhe, Germany).
. Chloroform.
. Isopropanol.

. Sterile, deionized water.

N Ul W N

. Nanodrop 1000 Spectrophotometer (Peqlab, Erlangen,
Germany).

. Reverse transcriptase superscript II (Invitrogen).

S RN |

. Random hexa-oligonucleotides (Invitrogen).
9. dNTPs with 10 mM of each ANTP (Peqlab).
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2.2. RT-PCR Analysis
of Selected Homeobox
Genes

2.3. Quantification
of Homeobox Gene
Expression by
Subcloning

2.4. Quantification
of Homeobox Gene
Expression by
Real-Time PCR

1.

TGradient PCR thermo-cycler (Biometra, Gottingen,
Germany).

. Tag-polymerase, 10x buffer and 5x Q-solution (Qiagen,

Hilden, Germany).

. 2.5 mM dNTPDPs (Takara, Potsdam, Germany).
. Agarose.
. TAE bufter (4.84 g Tris, 1.14 mL Na-acetate, 2 mL 0.5 M

EDTA, pH 8.0).

. 100 bp ladder (Invitrogen).
. Ethidium bromide (stock with 20 mg/mL) or alternative dye.

. Teasy Vector System I, including vector and ligase (Promega,

Mannheim, Germany).

2. Competent DH5alpha cells (Invitrogen).

. LB—ampicillin agar plates (15 g agar, 10 g tryptone, 5 g yeast

extract, 10 g NaCl/1 L, 80 pg/mL ampicillin).

4. Spin Miniprep Kit (Qiagen).

. EcoRl  with buffer (MBI Fermentas, St. Leon-Rot,
Germany).
. 7500 Real-Time PCR System (Applied Biosystems, Darmstadt,
Germany).

2. MicroAmp 96-well reaction plates (Applied Biosystems).

. Tagman universal PCR master mix (Applied Biosystems).
. TBP endogenous control primers and probe (Applied

Biosystems).

3. Methods

3.1. RNA Extraction
and cDNA Synthesis

. Cultivation of leukemia/lymphoma cell lines is performed as

described previously (18). For RNA extraction 2 x 10°¢ cells
are washed in PBS and pelleted by centrifugation for 5 min at
485xy. Discard the supernatant and lyse the cells subse-
quently in 1,000 pL TRIzol reagent and incubate at room
temperature for 10 min (see Note 1).

. After adding 500 pL chloroform, vortex the tube for 30 s and

centrifuge subsequently at 15,000 x 4 for 10 min at 4°C. Finally,
transfer the upper phase into a new tube and precipitate the RNA
with 900 pL isopropanol. After centrifugation at 15,000 x g for
30 min at 4°C, dissolve the pellet in about 30 puL water and put
the tube on ice. Alternatively, RNA preparation kits may be used
instead of the TRIzol method (e.g., RNAeasy from Qiagen).
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3.2. RT-PCR Analysis
of Selected Homeohox
Genes

3.

1.

Quantify the RNA solution via spectrophotometer. Depending
on the cell line, the yielded concentration of RNA is about
1 ug/uL. The RNA solution should be kept on ice and can
be stored at -80°C for several years. However, frequent
thawing and freezing should be avoided. The integrity of the
RNA may be controlled via gel electrophoresis, loading 5 ug
RNA per lane.

. Use 5 ug RNA per reaction of cDNA synthesis (final volume

of 20 puL), 45 ng random primer, 1.5 uL. dNTPs, and 1 U
superscript II reverse transcriptase. Stop the reaction after 1 h
incubation at 37°C by chilling on ice. The cDNA is usable for
several years if stored at -20°C.

To design oligonucleotides for RT-PCR analysis the following
genome browsers as sources for RNA/cDNA sequences are
available  (http: //www.ncbi.nlm.nih.gov, http://genome.cse.
ucsc.edu, http:/www.ensembl.org). Although several online
primer-design programs are recommendable (http://frodo.
wi.mit.edu/primer3/,  http://bioweb.uwlax.edu/GenWeb/
Molecular/seq_anal /primer_design/primer_design.htm,http: //
eu.idtdna.com /scitools/scitools.aspx?adword=scitool_
eh&gclid=cisyq_iqOpwcfruezgodnvudlq, http: //ihg2.helmholtz-
muenchen.de/ihg/ExonPrimer.html),  the  design  of
oligonucleotides without the help of algorithms is practicable.
However, the following rules should be respected: the lengths of
the oligonucleotides should be about 20 bp. Oligonucleotides
should contain about 50% GC and their melting point about
55°C. Typically, their 3’-end should contain G or C. The
length of the PCR product should be about 200-500 bp. The
binding sites of the oligonucleotides should flank exon-intron
borders to suppress the synthesis of PCR products obtained
from genomic DNA which frequently contaminates the RNA
preparation. Of note, take care of splice-variants which may
create alternative product lengths or prevent product synthesis
at all if the particular RNA of interest lacks a certain exon.
Furthermore, if using oligo-dT primer for cDNA synthesis,
the oligonucleotides should match the 3’-end of the RNA/
cDNA, because of limited processing activity of the reverse
transcriptase.

. Sequences of oligonucleotides of selected homeobox genes,

including TLX1 /3, NKX2-5, MSX2, PITX2, GBX2, HLXB9Y,
HOXBY9, and HOXBI13, are listed in Table 1. Additionally,
use control oligonucleotides to check the ¢cDNA quality.
Applications of TEL or UBF as control genes are recom-

mended (Table 1).

. To find a positive control for the gene of interest it is helpful

to analyze cells obtained from an adequate tissue (primary
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3.3. Quantification
of Homeobox Gene
Expression by
Subcloning

cells or cell lines). Moreover, expression profiling data may
give a hint to find cells or cell lines which endogenously
express the gene of interest.

. The type of Taq-polymerase may be essential for a successful

PCR reaction. Therefore, it is recommended to use the
same type and supplier to get comparable results. Perform
each reaction in a final volume of 25 uL, containing 1x PCR
buffer, 1x Q-solution, 1 U Taq-polymerase, 50 pmol oligo-
nucleotides of each, 2 uL. cDNA (see above), and 2.5 mM
dNTDs.

. PCR thermo-cycler with a gradient function for temperature

to optimize annealing temperatures may be helpful. The gra-
dient should cover 47-62°C. However, an advisable RT-PCR
protocol, lacking any hot-start step, is the following: 92°C for
0.5 min, 55°C for 1 min, 72°C for 2 min, 35 cycles.

. The PCR products are subsequently analyzed by gel electro-

phoresis (1.5% agarose, 1x TAE buffer) in the presence of
ethidium bromide, in comparison to a suitable length marker
(100 bp ladder) (see Note 2).

. Degenerate oligonucleotides allow simultaneous amplifica-

tion of several different homeobox genes. However, although
the homeobox represents a conserved sequence, it is difficult
to design functional oligonucleotides. Created degenerate
oligonucleotides (14), named ANTP, which amplify HOX
genes in addition to some nonclustered homeobox genes are
listed in Table 1. The indicated regions bordering the homeo-
box represent the most conserved and hence promising
region for the design (Table 2) (see Note 3).

. Perform RT-PCR and gel electrophoresis as described above

for gene-specific oligonucleotides. The expected PCR prod-
uct is about 130 bp long. Optional, the PCR products may be
precipitated with Na-acetate/ethanol and resuspended in
20 pL water.

. For subcloning in T-tailed pGEMTeasy vector use the Teasy

Vector System I: 8§ uL. PCR product, 1 pL vector, 1 puL ligase,
10 puLL 2x ligation buffer. After incubation for about 3 h at
room temperature, transform 10 pL of the ligation reaction
into 100 pL of competent DH5alpha cells by heat shock at
42°C for 30 s in a water bath. Add 750 uL. LB medium to the
cells, shake the tubes at 37°C for 1 h, and put the cells on an
LB-ampicillin plate overnight. The next day pick single clones
to grow in 4 mL LB—ampicillin overnight.

. Prepare plasmid DNA, using the Spin Miniprep Kit which

yields 50 uL plasmid DNA solution. Restrict 3 uL of this
solution with 10 U EcoRI for 2 h at 37°C and subsequently
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analyze the DNA fragments by gel electrophoresis. Analyze
positive plasmid clones, containing a 130-bp insert, by DNA
sequencing (MWG, Ebersberg, Germany).

. Blast the sequence of the insert to the NCBI online genome

browser (http://blast.ncbi.nlm.nih.gov/Blast.cgi), identify-
ing the particular homeobox gene by sequence identity. The
number of each identified gene correlates with its expression
level in the analyzed cell line. The more clones analyzed, the
higher are significance and spectrum of the identified homeo-
box genes.

In conclusion, this low-cost method allows simultaneous analysis of
different homeobox genes. However, depending on the designed
oligonucleotides, only selected genes/families are detectable.

3.4. Quantification
of Homeobox Gene
Expression by
Real-Time PCR

3.5. Quantification
of Homeobox Gene
Expression by
Expression Profiling

1. Commercial primer sets are available for (nearly) all known

homeobox genes, including PITX2 and HOXB9. Self-made
primers including a labeled probe (NKX2-5) or excluding
such a probe (PITX2, MSX2) have been designed (Table 1)
(19, 20). The rules for oligonucleotide design resemble those
described above, however, with the following differences:
60-70% GC-content, melting temperature about 61°C, PCR
product length in a range of 100-300 bp, respecting exon—
intron borders. The probe sequences should be designed with
respect to higher melting temperature (68-70°C) and avoid-
ance of G at the 5’-end. Of note, Tagman universal PCR mas-
ter mix differs between oligonucleotide combinations with or
without probes.

. Perform each reaction in triplicate to obtain significant results.

Itis important to make a master mix for limitation of pipetting
errors.

. Use ofthe 7500 real-time PCR cycler from Applied Biosystems

is advisable. Perform the program as recommended by the
supplier. In conclusion, real-time PCR generates very exact
data if performed appropriately.

Expression profiling using DNA chips (e.g., Affymetrix) allows
expression analysis of nearly all human genes. Naturally, this
analysis includes (nearly) all homeobox genes (14). Therefore,
this method permits the most comprehensive analysis of homeo-
box gene expression. However, expression profiling is just a

screening method and the obtained data have to be validated

by alternative methods, e.g., real-time PCR. The performance

of this high-priced method requires much input of equipment,
calculating capacity, and experience. The details of this method

are described elsewhere.
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1. At this stage, the lysate can be stored at —-20°C, preserving
the RNA stability for several years.

2. RT-PCRis a qualitative method. However, substantial differ-
ences in expression levels may be detectable in comparison to

3. Most but not all clustered HOX genes are amplified by ANTP
oligonucleotides, demonstrating differences in homeobox

4. Notes
controls.
sequences.
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Chapter 31

Measuring Gene Expression from Gell Cultures
by Quantitative Reverse-Transcriptase
Polymerase Chain Reaction

Sharon Glaysher, Francis G. Gabriel, and lan A. Cree

Abstract

Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) offers a robust method for the
measurement of RNA levels for any gene within cells harvested at any point before or during cell culture.
The key elements of RNA extraction followed by a two-step qRT-PCR method (reverse transcription and
PCR) are described, followed by a brief section on analysis of the results. There are a number of excellent
kits available commercially for much of this work, but it is essential to ensure that the quality and quantity
of cDNA produced is adequate for the standard PCR or array to be used.

Key words: RNA, Cell culture, Gene expression, Quantitative RT-PCR, Tagman array

1. Introduction

The measurement of gene expression is now regarded as an essen-
tial adjunct to cell culture, and the boundaries between cell cul-
ture and molecular biology are no longer clearly defined. This
chapter is a practical guide to the use of QRT-PCR in standard
plates using cells obtained from cell culture. They are based on
standard operating procedures and manufacturer’s instructions,
and the instructions given may need to be adjusted if different
reagents or equipment are used. The stages of the procedure
(Fig. 1) include RNA extraction from cell culture material, reverse
transcription (RT), single gene PCR, and multiplex PCR using a
Tagman Array"™.

Cells in suspension are harvested by centrifugation, lysed with
Macherey Nagel Lysis Buffer RA1 containing 2-mercaptoethanol
(2ME), and stored at —80°C in this buffer until RNA extraction.

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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Cell culture

Cell lysis and
RNA extraction Measure RNA
4

Reverse
Transcription Measure cDNA

qRT-PCR
array

Single gene
gRT-PCR

Fig. 1. Diagram of method, including cell culture, extraction, RT and PCR steps.

Total RNA is extracted from cells with a commercially available
kit (Ambion Recoverall or similar) according to the manufactur-
er’s instructions. The protocol includes a DNase digestion step to
prevent carry-over of genomic DNA in further analysis. The
nucleic acids are solubilised, while digested proteins are “salted
out.” Lysate buffer is added to the digest to increase the ionic/
salt concentration and alkalinity ready for extraction by acidified
silica/glass fiber method. The lysate buffer also aids the break up
of cellular proteins and protects the RNA on storage.

This method follows the Ambion RecoverAll™ Total Nucleic
Acid Isolation kit (Cat 1975) instruction manual (Version 0505)
for full details with the following exceptions: (a) Breaking up
sample with needle and syringe after addition of Ambion Isolation
Additive (if necessary) and (b) freezing the sample after the addi-
tion of Isolation Additive (step 17).

Following this step, we use a NanoDrop scanning spectro-
photometer to analyze 1 pL of the extracted RNA to assess the
amount present and dilute this to 300 ng/mL in PCR mix for
addition to either 96-well PCR plates for single gene estimations,
or to a 384-well microfluidic Tagman Array card containing 48
reactions for each of the eight ports on the card (Fig. 2).

Two qRT-PCR methods are included in this chapter — the
first allows the expression of a single gene to be measured (1),
while the second can measure up to 384 genes in a microfluidic
card (2). In both methods, reverse transcription is used to pro-
duce cDNA, which is then amplified exponentially in the presence
of Taq Polymerase with specific primers via cycling through
annealing, extension, and melting temperatures. TagMan fluores-
cence labeled probes specific for the desired target are used to
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Fig. 2. A Tagman Array. This represents a 384-well microfluidic sealed array with eight
ports, each of which serves 48 wells.

detect the presence of the amplified sequence. If the probe hydro-
lyses to the target, the fluorophore is cleaved by the Taq and is
free to fluoresce when excited with light at particular wavelength.
The emission is then measured at another wavelength. The
amount of fluorescence is proportional to the amount of ampli-
fied nucleic acid target. Using housekeeping gene targets, the
amplified nucleic acid target can be quantified relative to these
reference genes.

2. Materials

2.1. Cell Lysis 1. 2-Mercaptoethanol (2ME).
. Macherey Nagel RA1 Lysis Buffer.

[\S)

2.2. RNA Extraction . 0.8 mm, 21 gauge, sterile needle.

. 1-mL sterile polypropylene syringe.

. Heating block(s) for 1.5-mL tubes (temperature range 95°C).
. NanoDrop Spectrophotometer.

. Molecular Biology Grade 100% Ethanol (BDH, 437433T).

. Water, Nuclease free (Promega, P1193).

. RecoverAll™ Total Nucleic Acid Isolation kit (Ambion, 1975).

. Sterile fine tip polypropylene pasteurs.

O 0 N N U o W DN

. 50 mL polypropylene tubes.

—
=

. 1.5-mL polypropylene Eppendorf tubes.
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2.3. RNA Measurement

2.4. Reverse
Transcription

2.5. Single Gene PCR

2.6. Tagman Array PCR

2.7. General
Equipment and
Consumables

11.
12.
13.
14.

1.

N OV O W~

(92 Y NNV I NS R 92 WY NGV S}

N N

2-mL polypropylene conical tubes.

0.6-mL polypropylene microfuge tubes.
0.2-mL polypropylene PCR tubes.

Assorted Sterile filtered ART micropipette tips.

The NanoDrop® ND-1000 full-spectrum (220-750 nm)
spectrophotometer or equivalent capable of measuring
small samples (1 pL volume) with high accuracy and
reproducibility.

. Soft tissue wipes.

. Thermal Cycler.

. Chilled cooling block.

. NanoDrop Spectrophotometer.

. 1.5-mL polypropylene Eppendorf tubes.

. 0.6-mL polypropylene microfuge tubes.

. 0.2-mL polypropylene PCR tubes.

. Applied BioSystems High-Capacity ¢cDNA Kit — 200 reac-

tions (4368814) (for 200 reverse transcription reactions at
100 pul/reaction). Store at -15 to -25°C.

. Promega nuclease-free water (P1193).

. 96-well PCR machine (e.g. Biorad i-cycler, Applied Biosystems

7500).

. Tagman master mix.

. Nuclease-free water.

. cDNA samples from RT step.
. DNAZap solutions 1 & 2.

. Applied Biosystems 7900HT.
. Tagman master mix.

. Nuclease-free water.

. cDNA samples from RT step.
. DNAZap solutions 1 & 2.

. Benchtop refrigerated centrifuge.
. Microfuge.
. Vortexer.

. Assorted pipettes covering ranges 0.5-1,000 ulL — a set is

required for each stage and should not be mixed.

. Fridge (+4°C).
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6. Freezers (-20°C and -80°C).
7. Assorted Sterile filtered ART micropipette tips.
8. Nitrile gloves (see Note 1).
9. Balance.
3. Methods
3.1. Cell Lysis 1. Add +3.5 mL of 2-mercaptoethanol (2ME) to 350 mL

3.2. RNA Extraction

—

10.

11.

Macherey Nagel RA1 Lysis Buffer to make RA1-2ME lysis
buffer.

. Resuspend cell pellet in 0.7 mL RA1-2ME lysis buffer and

store frozen, ideally at -80°C for extraction.

. Pre-warm heating block to 95°C.

. Remove lysate samples from -80°C storage (previously har-

vested and stored in RA1-2ME) and thaw sample lysate slowly
on ice or +4°C fridge to room temperature (see Note 2).

. The remaining steps in this protocol use the Ambion®

RecoverALL™ Nucleic acid Isolation kit: please see the pro-
tocol enclosed with kit for full details (see Note 3), but the
main points are listed here.

. Label one Ambion filter spin column and collection tube per

sample, and assemble.

. Add 500 pL of 100% ice cold ethanol to the thawed lysate

and mix by pipetting. The temperature of the ethanol aids in
the precipitation of nucleic acids.

. Using a fresh 1-mL ART tip per sample, pipette 700 uL of

sample /ethanol mix onto the center of the cartridge and
close the lid. Microfuge at 10,000 x4 (usually 10,000 rpm)
for 60 s.

. Collect the flow-through and store in a labeled tube for future

DNA extraction (if required). Reinsert the filter cartridge
into the same collection tube.

. Repeat steps 4-6 at least twice more until all the lysate has

been processed for each sample paired tube.

. Add 700 pL of Wash 1 to Filter Cartridge and microfuge for

30 s at 10,000 x g.

Discard flow-through, and reinsert the Filter Cartridge in the
same collection tube.

Add 500 pL of Wash 2 /3 to the Filter Cartridge and microfuge
for 30 s at 10,000 x 4.
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3.2.1. RNA Measurement

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.

23.

24.

25.
26.

27.
28.
29.
30.

Discard flow-through, and reinsert the Filter Cartridge in the
same collection tube.

Microfuge for 30 s at 10,000 x g to remove residual fluid from
the filter.

For RNA isolation, prepare the following DNase mix (a mas-
ter mix may be prepared): 6 UL of 10x DNase Buffer, 4 uL of
DNase, and 50 pL of nuclease-free water per sample.

Gently mix and add using an ART tip pipette 60 pL of the
DNase mix to the center of each Filter Cartridge.

Cap tube and incubate at 30 min at room temperature (time
critical).

During the incubation heat an aliquot of nuclease-free water
(Promega) 150 pL per sample, to 95°C.

Following DNA digestion, add 700 pL of Wash 1 to the Filter
Cartridge.

Incubate for 60 s at room temperature (time critical).
Microfuge for 30 s at 10,000 x g.

Discard flow-through, and reinsert the Filter Cartridge in the
same collection tube.

Add 500 uL of Wash 2 /3 to the Filter Cartridge and microfuge
for 30 s at 10,000 x 4.

Discard flow-through, and reinsert the Filter Cartridge in the
same collection tube.

Repeat steps 21-22 for a second time with 500 ulL of
Wash 2 /3.

Place the Filter Cartridge into a fresh Collection tube.

Apply 110 pL of heated (95°C) nuclease-free water to the
centre of the filter (critical) and close cap. Seal the remaining
aliquot of nuclease-free water and place back into the 95°C
heating block.

Incubate at room temperature for 60 s (time critical).
Microfuge for 60 s at 13,000 x 4.

Reload the eluent onto the filter and repeat steps 26-27.

Elute volume collected will be approximately 100-110 pL for
each nucleic acid.

. After extracting and eluting purified nucleic acid, a small ali-

quot is taken for quantification and checking purity.

2. Switch on the NanoDrop 1000 and the assisting computer.

. With the sampling arm in the down position, start the NanoDrop

software by clicking on the icon on the computer screen.



10.

11.
12.

13.

14.

15.

16.

17.
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. From the drop-down menu choose the user account; all data

taken will automatically be logged in the appropriate archive
file; if not chosen, all the data is automatically saved in the
folder “default” (C:\program files\nanodrop\nanodrop data\
default).

. Choose the “nucleic acid” module by clicking on the box

with module name on the screen.

. Before making any measurements, ensure that measurement

pedestal surfaces are clean and with the sampling arm open,
pipette a water sample onto the lower measurement pedestal.
At this stage water cannot be replaced by any other solution
or buffer.

. When the water drop is placed on a pedestal drop down the

sampling arm, click “OK.” When the message “Initializing
Spectrometer — please wait” disappears, the instrument is
ready for use.

. When the measurement is complete, open the sampling arm

and wipe the sample from both the upper and lower pedestals
using a soft laboratory wipe.

. From the drop-down menu select the type of nucleic acid

being measured — “DNA-50” for dsDNA, “RNA-40” for
RNA, “ssDNA-33” for single-stranded DNA, or “Other” for
other nucleic acids.

Dispense 1.3 pL of blank sample (the bufter, solvent, or car-
rier liquid used with your samples) onto the lower measure-
ment pedestal and lower the sampling arm into the “down”
position.

Click on the “Blank” (F3) button.

Wipe the blanking buffer from both pedestals using a labora-
tory soft tissue wipe.

Analyze an aliquot of water as though it were a sample. This
is done using the “Measure” button (F1). The result should
be a spectrum with a relatively flat baseline. Wipe the blank
from both measurement pedestal surfaces and repeat the pro-
cess until the spectrum is flat.

Mix well all the samples before measurements, as it ensures the
small amount taken for measurements gives the right values.

Open the sampling arm; wipe off any fluid remaining on the
pedestals.

Type in the sample ID into the highlighted window on
the screen and using a fresh filtered tip fitted pipette, 1.3 uL of
each undiluted sample onto the lower measurements pedestal.

Lower the sampling arm into the “down” position and click
on the “measure” button.
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3.3. Reverse
Transcription

18.

19.

20.

21.

22.

23.

When the measurement is complete repeat steps 15-17 for
all samples, performing blank measurement every 10-20
samples.

During measurements, the full spectrum of absorbance (wave
length 220-750 nm) is obtained, and a graph is displayed
after the measurement is completed. In the panel on the right
side of the screen quality and quantity values are displayed as
well after each completed measurement, giving A, , A,,,
ratios A, /A, and A, /A, (defining the purity of the sam-
ple) and sample concentration in ng,/ul based on absorbance
at 260 nm and the selected analysis constant. Purity (A, /
A, ratio based on using RNA in 10 mM Tris—Cl pH 7.5)
should be 1.9-2.3. Quantity is based on a conversion factor
where one unit of absorption, A, =40 pug/mL.

All measurement data taken are automatically saved in
appropriate archive file, along with the respective absorbance
spectrums.

After completing the measurements clean the upper and
lower pedestals with a soft tissue moistened with water. Then
using a dry soft tissue wipe upper arm and lower pedestal.

Click on exit button. The program will ask to view the mea-
surement data; this can be either accepted or rejected. The
measurement data can be viewed on a later date by opening
“data viewer” from the main module screen.

Switch off the NanoDrop-1000 and the computer.

. Bring ABI High-Capacity cDNA Reverse Transcription Kits

to room temperature.

2. Determine the concentration and volume of reagents required.

. Save and print spectrophotometry results.

. Immediately convert all the RNA (dilute where necessary in

nuclease-free water to give a working concentration of 100—
150 ng/ul) into cDNA using ABI High Capacity cDNA
conversion kit. Do not attempt to store RNA.

. A typical Reverse transcription mix is 75 pL RNA at

100 ng/uL to 75 pL cDNA 2x Master Mix and 15 uL. RNA
to 15 plL RT Negative 2x Master Mix (check for genomic
contamination). Adjust mix according to RNA quantities.

. Quantify cDNA by NanoDrop spectrophotometer.

. If yields are low, perform 3 M sodium acetate and ethanol

precipitation, reconstitute in a smaller volume of nuclease-
free water and remeasure cDNA.

. Store samples overnight at +4°C or -20°C for long-term

storage (see Note 4).
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. Calculate enough for an extra sample to account for error.
10.

Label a 1.5-mL Eppendort tube or 0.6-mL PCR tube 2x RT
Neg Master Mix (RTN_MM). This serves to check for
genomic (DNA) contamination in the purified RNA sample.

Label a second 1.5-mL Eppendorf tube or 0.6-mL PCR tube
as 2x cDNA Master Mix (cDNA_MM). This will be the reac-
tion mixture for converting your sample RNA to a single
strand of cDNA.

Using a fresh filtered pipette tip for each reagent, dispense
the reagents in the order. Reagents can be dispensed in paral-
lel for both RT_MM and ¢cDNA_MM (see Note 5).

Seal tubes, mix gently, and pulse spin.

Using black marker for cDNA positive tubes and blue marker
for RT negative tubes, label 0.2-mL Eppendorf tubes with
samples name, and appropriate identifiers.

Using a fresh filter tip for each Master Mix, aliquot 15 pL
of RT Negative mix into the appropriate labeled 0.2-mL
PCR tube.

Using a fresh filter tip dispense 75 pL volumes of cDNA
2x Master mix for the corresponding 0.2 mL cDNA_MM
sample tube.

Using a fresh pipette tip for each sample, dispense 15 pL of
purified RNA sample (diluted if necessary in nuclease-free
water) into the corresponding 0.2 mL. RT N_MM sample
tube. Gentle pipette up and down two times to mix.

Using a fresh pipette tip for each sample, dispense 75 uL of
purified RNA sample (diluted if necessary in nuclease-free
water) into corresponding 0.2 mL ¢cDNA_MM sample tube.

Seal tubes and pulse microfuge at 11,000 x4 for 30 s to spin
down the contents and to eliminate any air bubbles.

Place the tubes in a chilled cooling block until you are ready
to load the thermal cycler.

Place 0.2-mL tubes in a thermal cycler, select and run appro-
priate program.

Cycling conditions for each reaction mix: step 1, temp 25°C
for 10 min; step 2, 37°C for 120 min; step 3, 85°C for 5 s;
step 4, 4°C for infinity.

Return ABI cDNA Reverse Transcription kit to —20°C freezer.

After 2 h 10 min, remove tubes and pulse microfuge at
11,000 x g for 30 s.

Either store overnight at +4°C and measure cDNA the
tfollowing morning using NanoDrop spectrophotometer or
measure straight away. Determine the quantity required
tor qPCR.
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3.4. Single Gene PCR

26.

—

11.

12.

13.

14.

15.

16.
17.
18.

Proceed to single gene QRT-PCR or Tagman assay (see Note 6),
adjusting the input cDNA. Typically 5 uL of cDNA at 300 ng/
mL in 4 pL of nuclease-free water (total 9 uL diluted cDNA) to
11 pL. TagMan mix with probe per well (see Note 7).

. Set up the PCR Machine (see Note 8).
. Place the required number of Eppendorfs into a PCR rack and

label the primers and master mix tubes “MM.” NB. 1 x0.2 mL
Eppendorf/sample, 1x0.6 mL Eppendorf/primer. (MM),
2x0.6 mL Eppendorfs (primers gene 1 and primers gene 2).

. Get 25 mM MgCl, from the Core Reagents kit and defrost.

. Add the appropriate volume of water to all tubes, including

primer master mix tubes, cDNA tubes, and cDNA negative
tubes.

. Add appropriate volume MgCl, to the primer MM tubes (see

Note 9).

. Add appropriate volume SYBR GREEN Master Mix (ABI or

Sigma) to the primer MM tubes (See sheet).

. Remove working concentrations (10 uM) primers from fridge

and vortex.

. Add appropriate volume of positive and negative primers to

the primer MM tubes.

. Vortex primer MM tubes well and pulse for a few seconds.
10.

Pipette the primers MM (20 pL) into the appropriate well in
the PCR plate, taking care to pipette onto one side of the wall
of the well and remembering to pipette the primer MM into
the cDNA negative wells.

Remove the cDNA samples from the -80°C freezer and place
into the green PCR rack.

Turn the PCR plate around — you can then pipette the cDNA
on to the other wall of the well.

Make the cDNA dilutions and pipette 2.5 pL cDNA into the
0.2 uL tube containing 10 uL water and mix.

Keeping the same pipette tip, alter the volume of the pipette
to 5 uL and pipette the sample into each of the two appropri-
ate PCR wells (see Note 10).

Put optical sealant onto the plate, ensuring that fingers do
not touch the surface. Use the backing paper to seal the cover
around the edges.

Centrifuge the plate briefly at 200 x g4 for 2 min.
Place into PCR machine and continue run.

Enter the C value, uLL of cDNA used /well, and uL of RNA used
to make cDNA into the sighting shot database for analysis.
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. Each array consists of one loading port, and the card is loaded

with six test samples, a quality control, and a negative control
(see Note 11).

. Switch on the 7900HT PCR machine 30 min before use to

enable the laser to warm up.

. Using filtered tips at all times, prepare the mastermix to

be aliquoted into pre-labeled sterile DNase/RNase-free
600 puL Eppendorf tubes (see Note 12).

. Prepare the loading volumes from the cDNA values obtained

from the Nanodrop readings done previously.

. Seal the Eppendorf tubes and pipette the cDNA into the

smaller 200 pL. Eppendorf tubes (which contain the nuclease-
free water), seal the lids, and vortex to mix.

. Pipette the contents of the small 200 uL. Eppendorf tubes

(water and cDNA) into the large Eppendort tubes (master-
mix). Vortex to mix the tubes.

. Centrifuge (Sorvall using microfluidic card buckets) for 1 min

at 300 xg ensuring the centrifuge is correctly balanced.

. Check the sample ports for air bubbles before repeating

Subheading 3, step 7. If there are any air bubbles present,
holding the card upright and gently tapping on the bench
usually dislodges them (see Note 13).

. Using the plate sealer, seal the microfluidic card by swiping

the handle in one direction only away from you.

Cut off the loading port strip and discard (discarded port
strips can potentially puncture a waste bag, so disposal in a
sharps bin is preferable).

Open a new SDS file by clicking the SDS 2.2.2 icon on the
desktop. Then select: Abs Quantification (drop-down
menu).

Open relevant program from the drop-down menu.

Scan the barcode (make a note of it for future reference) and
click “OK.”

Select instrument tab and click “Connect.”

The door of the 7900T will then open, place the plate (with
barcode facing forwards) on the carrier, click “Close door”
and then “Start.”

Ensure the run has started successtully; the machine can then be
left to complete the PCR. It takes approximately 2 h per card.

Once the run has completed, remove the card and discard in
a clinical waste bag. Then switch off the PCR machine (see
Note 14).
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4. Notes

. Health and Safety. Avoid acidification of additive reagent. Wash

bufters contain guanidinium isothiocyanate (GTC). Dispose of
sealed waste tubes via cytotoxic waste disposal route. Dispose
of needles and syringes in sharps bin, and take care when han-
dling needles. Wear nitrile gloves and a clean lab coat, use
molecular biology grade nuclease-free reagents and gamma-
irradiated polypropylene plastics, and dedicated pipettes with
sterile aerosol resistant tips (ART). Avoid cross-contamination
by using a new fresh Pasteur pipette and ART tip for each sam-
ple. Discard reagents via the appropriate waste disposal route.

. Lysate samples can be stored for short-term at -20°C, for

long-term storage before extraction -80°C is preferable.

. When a new Ambion Recoverall kit is first opened, prepare the

Wash 1 and Wash 2 /3 bufters as per manual instructions before
commencing the nucleic acid isolation. Add appropriate vol-
ume of ethanol (wash 1 —42 mL; wash 2 —48 mL) and indicate
this, with date, on the reagent bottles. We use the RecoverAll™
Total Nucleic Acid Isolation kit with the following exceptions:
pre-filtering the lysed sample before addition of ethanol, and
eluting with nuclease-free water rather than elution buffer.

. When storing molecular biology reagents and samples in

freezers, beware of cycling of frost free freezers, which are not
really suitable for laboratory use, as internal temperatures can
be erratic.

. No MultiScribe is added for the RT Negative Master Mix.

The excluded volume is replaced with nuclease-free water.

. If required, perform “sighting shot” PCR (pre-assay evalua-

tion) of the sample for two appropriate house-keeping genes
using SyBr Green with disassociation curves or a Tagman
assay as suggested for single gene qRT-PCR. Also, run the
RT Negative samples against the most highly expressed
housekeeping gene to check for genomic contamination.

. Choice of housekeeping gene depends on cell /tissue type —

we usually use PBGD /HMBS as our preferred housekeeping
gene.

. cDNA can be used straight away in qPCR assays; stored

overnight at +4°C and used the following day; or stored
long-term at -20°C (not frost free). If using the NanoDrop
spectrophotometer, a data text file can be opened with Excel
and a workbook can be saved. Concentrations can then be
copied into other worksheets.
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. For all PCR experiments we use a standardized Excel

spreadsheet, which facilitates planning of the experiment.
A template sheet is resaved with a new name for each
experiment.

Remember to change the pipette volume back to 2.5 pL
when you have pipetted the sample into the plate.

It may be useful to make a batch of positive quality control
samples to run against your unknowns. This can be run
alongside a non-template control containing no cDNA which
has been adjusted to contain only mastermix and water.
These can be run as positive and negative controls for each
experiment.

To prevent cross contamination of mastermix solutions and
cDNA samples, preparation of these solutions should ideally
be done in separate locations (designated areas/labs for
clean/reagent preparation and cDNA preparation), or in the
very least, making sure you decontaminate your work area,
change labcoat and gloves.

If you wish to prepare cards in advance, this can be done in
the morning (usually a maximum of 4 per normal working
day), but all plates must be run the same day. The cards are
stored at this point (sealing them first to prevent cross con-
tamination), clearly labeled, and placed with ports up in the
fridge and will need to be re-spun prior to running the card.
Remembering to prepare one card at a time in the hood.

It is very important to minimize the number of times the
machine is switched on and off to preserve the life of the
laser, so plan your runs efficiently.
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Chapter 32

Proteomic Evaluation of Gancer Cells: Identification
of Cell Surface Proteins

Samantha Larkin and Claire Aukim-Hastie

Abstract

The plasma membrane proteome can be defined as the entire complement of proteins present in the
plasma membrane at a specific time. The process of carcinogenesis leads to changes in the array of pro-
teins present in the plasma membrane proteome. Analysis of differential expression of such proteins in
cancer is extremely important; due to their position on the cell surface they have a potential for use as
diagnostic and/or prognostic markers and therapeutic targets. Biotin labelling followed by avidin chro-
matography can be used to obtain membrane protein enriched lysates from cell lines, which can then be
resolved using SDS-PAGE, coomassie staining and mass spectrometry.

Key words: SDS-PAGE, Affinity chromatography, Biotin, Avidin, Plasma membrane proteome

1. Introduction

The plasma membrane proteome is frequently altered during car-
cinogenesis with changes often seen in the number or activity of
growth factor receptors heightening growth factor responsiveness,
in the number or type of cell adhesion molecules expressed, e.g.
integrins, or in the number/activity of proteases present on the
cell surface. Analysis of the differential expression of these proteins
is vital as they may represent novel diagnostic/prognostic markers
or even therapeutic targets. In the latter capacity, it may be possi-
ble to tailor treatments more specifically to the cancer cells and
reduce the harmful side effects of anticancer treatments. The
plasma membrane proteome, therefore, could not only be an indi-
cator of the malignant status of the cell, but also a resource for
targeted cancer therapy. Research has lead to the identification of
a number of cancer associated plasma membrane proteins, which

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
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have been known to account for 70% of all known pharmaceutical
drug targets, some of which are in clinical use (1).

The analysis of the plasma membrane proteome requires
strategies optimised for the enrichment of rare, relatively insolu-
ble proteins. Many strategies have been employed to analyse cell
surface proteins from stable isotope labelling (2), to complex
three-dimensional crystallisation analyses (3). However, vectorial
labelling with less hazardous compounds, such as fluorophores
and biotin, followed by affinity chromatography has been
employed in the enrichment of this protein fraction (4).

A long chain sulphonamide ester of biotin, called Sulfo-NHS-
LC-Biotin, has been successfully used to study spermatozoa cell
surface proteins. In this study, 98 sperm cell surface proteins were
identified, 22 of which were phosphorylated, including several
novel protein identifications (5). Tagging with biotin derivatives,
as opposed to His, FLAG or HA, is advantageous, as the addition
of the sulpho group makes the biotin impermeable to the cell,
thus limiting unwanted intracellular labelling. In one of the first
studies to employ biotin labelling, it was found that this labelling
technique minimised cytoplasmic contamination (6). The study
of membrane proteins is commonly hampered by their insoluble
nature; biotin labelling also increases the solubility of the com-
pounds it is associated with, a quality which is a distinct advan-
tage, as success in purification of membrane proteins depends on
solubility (6).

The use of biotin tags such as Sulfo-NHS-LC-Biotin is how-
ever, of limited use in proteomics as the tag itself can lead to the
generation of multiple isoforms due to the negative charge it car-
ries. This can be avoided by the use of a reducible biotin deriva-
tive, such as Sulfo-NHS-SS-Biotin, which can be removed before
protein separation. This reducible form of vectorial labelling has
been successfully used to analyse cell surface protein composition,
one of the first applications being the analysis of cell surface pro-
teins on rat hepatocytes (6).

Biotin is a small coenzyme synthesised by bacteria, plants, and
some fungi (7). Biotinylated proteins are rare in nature, it is esti-
mated that there are only four mammalian proteins with this
modification (8, 9). These are acetyl CoA carboxylase, pyruvate
carboxylase, methylcrotonyl-CoA carboxylase and propionyl-CoA
carboxylase (8). The rarity of endogenous biotinylated proteins
indicates that biotin labelling provides a specific way of tagging
surface proteins with little to no background from endogenously
biotinylated molecules (10). Avidin has an extremely high affinity
for biotin, therefore avidin—biotin affinity chromatography is an
efficient, high-yield method of cell surface protein purification.

Pre-fractionation steps, such as affinity chromatography, are
often used in proteomics to decrease the diversity and complexity
of'a protein mixture, giving a sample enriched in the number and
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concentration of a desired subset of proteins (11). Biotin—avidin
affinity chromatography has been improved by the engineering of
monomeric avidin columns with a decreased affinity for biotin,
allowing competitive elution with free biotin. These columns
however, are prone to degradation by protease and reducing
agents. Therefore a streptavidin tetrameric column has been
developed which has superior stability (10).

Here, we present an optimised protocol for cell surface pro-
tein analysis, which has been applied to the analysis of surface
protein composition in the prostate isogenic cell lines, 1542 NPX
(normal), and CP3TX (cancerous).

2. Materials

2.1. Biotin Labelling

2.2. Cell Lysis

2.3. Affinity
Chromatography

2.4. SDS-
Polyacrylamide Gel
Electrophoresis
(SDS-PAGE)

1. 1x PBS (Invitrogen, Paisley, UK).

2. Biotin: 5 mg/mL EZ-Link Sulfo-NHS-LC-Biotin (Perbio,
Tattenhall, UK) in 1x PBS or 5 mg/mL EZ-Link Sulfo-
NHS-SS-Biotin (Perbio, Tattenhall, UK) in 1x PBS.

3. Blocking buffer: 50 mM NH4Cl (Sigma, Poole, UK) in 1x PBS.

4. 1% Octylglucopyranoside (OGP): 1% OGP (Sigma, Poole,
UK) in 1x PBS with one complete protease inhibitor
tablet (Amersham [GE Healthcare], Little Chalfont, UK)
per 50 mL.

1. 1x PBS (Invitrogen, Paisley, UK).

2. 1% Octylglucopyranoside (OGP): 1% OGP (Sigma, Poole,
UK) in 1x PBS with one complete protease inhibitor
tablet (Amersham [GE Healthcare], Little Chalfont, UK)
per 50 mL.

3. Rubber cell scrapers (VWR, Poole, UK).

1. Binding buffer: 1% OGP lysis bufter.

2. Elution buffer: 100 mM DTT or 8 M Guanine HCI (Sigma,
Poole, UK).

3. Regeneration buffer: 8§ M Guanine HCI.
4. Wash bulffer: 1% OGP, 1% NP40.

1. 30% Bis-acrylamide (Bio-Rad, Hemel Hempstead, UK).

2. Tris-HCI (Sigma, Poole, UK): Prepare 1.5 M at pH 8.8 and
0.5 M at pH 6.8 solutions in advance.

3. SDS (Sigma, Poole, UK): Prepare 10% solution in water, in
advance.

4. APS (Bio-Rad, Hemel Hempstead, UK): prepare 10%
solution in water immediately before use.
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5. Temed (Sigma, Poole, UK).

6. Sample Buffer: 62.5 mM Tris—HCI at pH 6.8 (Sigma, Poole,
UK), 20% Glycerol (Sigma, Poole, UK) and 2% SDS (Sigma,
Poole, UK) (see Note 1).

7. 1x Running Buffer at pH 8.3: 25 mM Tris, 192 mM Glycine
(Sigma, Poole, UK) and 0.1% SDS.

8. Prestained molecular weight markers such as the Broad
Range Rainbow Marker (Amersham [ GE Healthcare], Little
Chalfont, UK).

9. Coomassie staining solution: 0.2% R250 (Sigma, Poole,
UK), 40% methanol and 10% Acetic acid (VWR, Poole, UK)
made up in double distilled water (ddH,O). Once prepared,
filter and store at room temperature. This solution can be
reused several times and stored for months, but may need
re-filtering.

10. Coomassie de-staining solution: 10% MeOH and 5% acetic
acid (VWR, Poole, UK) made up in ddH,O. Once prepared,
store at room temperature. This should not be reused.

3. Methods

3.1. Biotin Labelling

To selectively enrich the cell surface protein fraction of the sample,
it is necessary to label the surface proteins so that they can be
purified by affinity chromatography. The label chosen here is a
biotin construct that binds to proteins at their lysine residues.
Two different types of biotin tags have been trialled, a long chain
Sulfo-NHS ester, EZ-Link Sulfo-NHS-LC-Biotin and a reducible
form with a cleavable disulphide bond in the spacer arm, EZ-Link
Sulfo-NHS-SS-Biotin (Perbio, Tattenhall, UK). The cell labelling
protocol detailed below can be used for both forms, but the
reducible form EZ-Link Sulfo-NHS-SS-Biotin (Perbio, Tattenhall,
UK) gives a higher yield of membrane proteins (Fig. 1). This
protocol was adapted from (4).

1. The required solutions, biotin, blocking buffer, 1% OGP and
1x PBS, should be chilled in advance.

2. The cells should then be washed three times in PBS to mini-
mise contamination from media and cell debris during
labelling.

3. During the final wash, the cells should be observed for any
loss of adhesion and then the wash solution is removed.

4. Biotin solution (5 mL) should then be added and incubated
for 5 min on ice; then excess biotin solution is removed.
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Fig. 1. Cell surface fractionated NP and CPT cell lysate labelled with (a) SS biotin and
(b) LC biotin. The SS biotin gave a labelled protein yield visible on staining with coomassie
blue, whereas the LC required avidin blotting to visualise labelled proteins.

5. The quench solution should be added and incubated for
10 min on ice. Cells should again be checked for signs of
detachment.

6. Cells should again be washed three times in PBS and left in
the final wash solution.

7. The final PBS wash can then be carefully removed to prevent
dilution of the lysis buffer, and lysis of the cells can then be
performed.

Although several lysis buffers can be used (see Note 2), depend-
ing on the different requirements of the experimental procedure,
the basic protocol for lysis is identical. A control sample of cell
lysate should be prepared following the same method, but omit-
ting the biotin labelling. This protocol was adapted from (12).

1. The cells should be observed for their degree of confluence
and providing they are at least 70% confluent, they are suit-
able for lysis and should be put on ice.

2. The old medium should be removed and the cells are washed
three times with cold 1x PBS.

3. Following the final wash, all traces of PBS must be removed
by aspiration.

4. Lysis buffer (1% OGP) can then be added. The amount of
lysis buffer added is dependent on the area of the growing
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3.3. Affinity
Chromatography

surface; typically 500 puL should suffice for a T75 flask
and three flasks should be used to give optimal protein
concentration.

. The lysis buffer should then be allowed to run over the

growing surface several times within 1 min.

. The cells can be removed from the growing surface into the

buffer using a rubber scraper.

. Subsequently, the lysis buffer containing the cells should be

aliquotted into an Eppendorf and centrifuged for 1 min at
11,000 x 4.

. The supernatant, containing the membrane proteins, are then

transferred to a clean Eppendorf, labelled and then stored
frozen or used immediately.

. The pellet, containing nuclear components and cell debris

can also be retained for other analyses.

Several methods of affinity chromatography can be used and the
method illustrated here was optimised for membrane protein
analysis. The elution step varies depending on the type of biotin
used. The two alternatives that have been mentioned before are
described.

1. All solutions should be allowed to equilibrate to room

2.

temperature.

Meanwhile immobilised Neutravidin  beads (Perbio,
Tattenhall, UK) should be packed into three 1-mL columns
as follows (12):

(a) Secure bottom cap on the column tip and secure the
column upright.

(b) Add sufficient buffer to the column to fill up to the reser-
voir portion, tap to dislodge air bubbles.

(c) Float porous disc of correct diameter on the buffer, then
push to the bottom of the column using the open end of
a serum separator.

(d) Decant the column, return bottom cap.

(e) Add a sufficient volume of gel slurry to obtain desired bed
volume.

(f) Allow gel to settle for 30 min.

(g) Position a second porous disc on the settled gel bed using
the serum separator, leaving a gap of 1-2 mm from top of
the column bed.

(h) Wash the inner top of the column with butfer; the column
is now ready for use or storage.
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3. Prepared columns are then clamped upright and attached
to a peristaltic pump at a flow rate of 0.5 mL/min and
equilibrated by the addition of 10 mL binding buffer.

4. The sample should then be applied to the column and the
effluent collected.

5. The sample is left to incubate in the column for 30 min.

6. The effluent can then be re-applied and passed through the
column.

7. This process is repeated to maximise column binding and the
final effluent collected.

8. The column is then washed with 10 mL binding buffer of
which two 5 mL aliquots of the effluent should be retained.

9. Elution of the sample from the column can be performed in
one of the two ways described as follows:

(a) For SS biotin labelled cells:

(i) 1mLof100 mM DTT elution buffer should be added
and left to incubate on the column for 15 min.

(ii) This buffer is then drawn off, reserved and further
1 mL of elution buffer applied.

(iii) This process should be repeated once more and
finally 1 mL of regeneration buffer is added and the
flow through is retained.

(iv) The fractions should be pooled to give a final elution
fraction of 4 mL.

(v) The column is regenerated by the addition of 9 mL
of regeneration buffer and then stored by adding
5 mL of storage butffer, at 4°C.

(b) For the LC biotin-labelled samples:

(i) The elution protocol is the same as above except for
the use of 5 mL of 8 M Guanine HCl as the elution
bufter.

The protein concentration of the elution fractions is generally
quite dilute and, therefore, dialysis and concentration may be
necessary (see Note 3).

This protocol assumes the use ofa 16 cmx20 cm Bio-Rad (Hemel
Hempstead, UK) system as this large format system is able to offer
maximum resolution of the surface protein enriched samples. The
protocol is, however, easily adaptable to other systems such as the
18 cm x 24 cm Hoefer system (Amersham [ GE Healthcare], Little
Chalfont, UK) by alteration of reagent volumes, but not propor-
tions. This protocol was adapted from (13).
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1. Prepare a 1.5-mm thick, 12.5% resolving gel:

(a) Combine 12.5 mL of 30% Bis-acrylamide (Bio-Rad,
Hemel Hempstead, UK), 7.5 mL of 1.5 M Tris-HCI at
pH 8.8 (Sigma, Poole, UK), 0.3 mL of 10% SDS (Sigma,
Poole, UK), 9.5 mL of ddH,O and 0.15 mL of 10% APS
(Bio-Rad, Hemel Hempstead, UK).

(b) Mix well and then add 0.02 mL Temed (Sigma,
Poole, UK).

(c) Pipette the mixture between clamped plates of appro-
priate size, pre-cleaned with ddH, O, set in the casting
system.

(d) Gel can then be overlaid with enough ddH,O to cover
the exposed top of the gel and to create a straight edge.

(e) The gel should then be left to set for 1 h.

. Prepare a 4.5% stacking gel:

(a) Combine 1.35 mL of 30% Bis-acrylamide (Bio-Rad,
Hemel Hempstead, UK), 2.25 mL 0.5 M Tris-HCI pH
6.8 (Sigma, Poole, UK), 0.09 mL of 10% SDS (Sigma,
Poole, UK), 5.35 mL of ddH,O and 0.038 mL of 10%
APS (Bio-Rad, Hemel Hempstead, UK).

(b) Mix well and then add 0.011 mL of Temed (Sigma,
Poole, UK).

(¢) Remove water from the top of the resolving gel.

(d) Pipette the mixture between clamped plates to the top of
the resolving gel and insert a sample comb with an appro-
priate number of wells.

(e) The gel should then be left to set for 30 min.

. Accurate protein determination of samples will enable equal

total protein loading for each sample. To prepare the samples,
3x sample buffer and the appropriate volume of sample should
be combined in a ratio of 1:2.

. The samples should then be mixed and heated to 95°C for

1 min.

. Once the stacking gel has set, the sample comb can be

removed.

. The gel can then be attached to the cooling unit of the elec-

trophoresis system and placed in the electrophoresis tank.

. 1x Running buffer is then added such that both the exposed

ends of the gel are covered and the top reservoir full.

. The samples can then be applied to the gel, taking care not to

cause any overspill to the neighbouring wells. Allow one well
for a pre-stained molecular weight marker.
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11.

12.

13.
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. The electrophoresis conditions are dependent on the size of

gel and the system used. Generally, the Bio-Rad gels are
run for 1 h at 40 mA per gel, with cooling, and then over-
night at 7 mA, or they can be run quickly at 50 mA for 4 h
with cooling.

Once electrophoresis is complete (the dye front should have
progressed to approximately 1 in. from the bottom of the
glass plates), the gel should be removed from the electropho-
resis apparatus and glass plates and the stacking gel are
removed.

The gel is then put into a clean plastic tray, covered with
100 mL of filtered coomassie blue solution and left to incu-
bate overnight at room temperature on a rocking platform at
slow speed.

Remove the coomassie solution carefully and wash the gel in
de-stain solution until the background is reasonably clear.

The gel can then be imaged, bands quantified, or bands cut
out for mass spectroscopy (see Note 4). The latter requires all
the preparation, running and staining of gels to be performed
in a clean room environment to reduce the risk of contamina-
tion (see Note 5).

4. Notes

. If using nonreducible biotin label, EZ-Link Sulfo-NHS-LC-

Biotin, 5% B-Mercaptoethanol (Sigma, Poole, UK) can be
added to sample buffer as a reductant. If using EZ-Link Sulfo-
NHS-SS-Biotin, 3- Mercaptoethanol must not be included in
sample buffer.

. Several lysis buffers can be used, but we tested 1% NP40 and

1% OGP. Both of these bufters provide a gentler method of
membrane solubilisation than the more frequently used
detergent SDS. Protein concentrations were higher in NP40
lysed cells at 2.0 mg/mL, compared to 0.8 mg/mL in OGP
treated cells. However, avidin blotting showed that 1% OGP
solubilised a greater number and range of biotinylated cell
surface proteins. The NP40 lysis appeared to yield biotiny-
lated proteins in the range of 75-160 kDa, whereas OGP
lysis allowed resolution of biotinylated proteins from 15 to
160 kDa. The greater yield in range and quantity of biotiny-
lated proteins using OGP lysis bufter is probably attributable
to its ability to solubilise membrane proteins sensitive to
hydrophobic environments.
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3. To dialyse and concentrate the membrane proteins, we found

10,000 Da molecular weight dialysis cassettes (Perbio,
Tattenhall, UK), followed by vacuum concentration over-
night on a low heat setting, to be sufficient. The fractions can
then be stored as a frozen pellet, or, if used immediately,
reconstituted in ddH,O. Prior to SDS-PAGE, samples should
be quantified using an appropriate assay.

. Sample bands cut from gels can be identified by Nano-HPLC-

ESI-MS/MS, or similar, as a service from many proteomics
laboratories.

. Running and staining of SDS-PAGE gels for protein identifi-

cation (via mass spectrometry) should be performed in a clean
room environment. This location is necessary to minimise the
protein contamination of bands cut from the gels, so that any
samples being sent for mass spectroscopy analysis are free
from contaminating protein as possible. Gel slices should be
kept as small as possible whilst still encompassing the whole
band of interest, transferred to a microcentrifuge tube and a
little running buffer is added to ensure that the gel doesn’t
dry out in transit. It is often advisable to wrap the top of the

tube with parafilm also.
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Development of Rituximah-Resistant B-NHL Clones:
An In Vitro Model for Studying Tumor Resistance
to Monoclonal Antibody-Mediated Immunotherapy

Ali R. Jazirehi and Benjamin Bonavida

Abstract

Therapeutic strategies for cancer include chemotherapy, immunotherapy, and radiation. Such therapies
result in significant short-term clinical responses; however, relapses and recurrences occur with no treat-
ments. Targeted therapies using monoclonal antibodies have improved responses with minimal toxicities.
For instance, Rituximab (chimeric anti-CD20 monoclonal antibody) was the first FDA-approved mono-
clonal antibody for the treatment of patients with non-Hodgkin’s lymphoma (NHL). The clinical response
was significantly improved when used in combination with chemotherapy. However, a subset of patients
does not respond or becomes resistant to further treatment. Rituximab-resistant (RR) clones were used as
a model to address the potential mechanisms of resistance. In this chapter, we discuss the underlying
molecular mechanisms by which rituximab signals the cells and modifies several intracellular survival/
antiapoptotic pathways, leading to its chemo/immunosensitizing activities. RR clones were developed to
mimic in vivo resistance observed in patients. In comparison with the sensitive parental cells, the RR clones
are refractory to rituximab-mediated cell signaling and chemosensitization. Noteworthy, interference with
the hyperactivated survival /antiapoptotic pathways in the RR clones with various pharmacological inhibi-
tors mimicked rituximab effects in the parental cells. The development of RR clones provides a paradigm
for studying resistance by other anticancer monoclonal antibodies in various tumor models.

Key words: Rituximab-resistant clones, Bcl-2 family, Methods of resistance
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2MAM-A3 2-Methoxyantimycin-A3

ADCC Antibody-dependent cell-mediated cytotoxicity

AP-1 Activator protein-1

ARL Acquired immunodeficiency syndrome (AIDS)-related lymphoma
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Bel-x, Bcl-2 related gene (long alternatively spliced variant of Bcl-x gene)
CDC Complement-dependent cytotoxicity

DHMEQ  Dehydroxymethylepoxyquinomicin
DLBCL Diftuse large B-cell ymphoma
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ERKI1 /2 MAPK Extracellular signal-regulated kinasel /2 mitogen activated protein

FACS
IKK

Mcl-1
RKIP

kinase

Fluorescence-activated cell sorter
Inhibitor of kappa B (IkB) kinase complex
Myeloid cell differentiation 1

Raf-1 kinase inhibitor protein

1. Introduction

Non-Hodgkin’s lymphomas (NHLs) consist of a group of lymphatic
cancers of B-and T-cell origin, which are steadily increasing in preva-
lence worldwide. Although NHLs initially respond to a variety of
therapeutic modalities, including combination chemotherapy, they
exhibit a relapsing nature and are essentially considered incurable.
The failure of standard therapies is due to the selective expansion and
outgrowth of drug-resistant variants that also exhibit cross-resistance
to other modalities, which highlights the urgent need for the design
of new treatment regimens. In recent years, an alternative therapeu-
tic approach to treat malignancies has been the usage of monoclonal
antibodies (mAbs) targeted against specific surface markers, which
are less systematically toxic and less myelosuppressive. About 80-85%
of NHLs are of B-cell origin, and approximately 95% of these cells
express surface CD20 (1). The B-cell-specific cell surface marker
CD20 is an ideal target for immunotherapy of NHL, as it does not
circulate in the plasma as a free protein, which could potentially block
antibody (Ab) binding to the cells (2). Also, it is neither internalized
upon Ab ligation (3) nor shed from the cell surface (4). Several Abs
have been raised against CD20; however, in this chapter we limit our
discussion to the role of rituximab, the first EDA-approved mAb for
the treatment of NHL (5). While treatment with rituximab or ritux-
imab in combination with CHOP resulted in significant clinical
responses, however, a subset of patients initially does not respond or
becomes refractory to further treatments. The mechanism of acquisi-
tion and/or developing resistance to rituximab is not known. In
order to examine the underlying mechanism of resistance, we have
adopted the approach of generating, in vitro, rituximab-resistant
(RR) clones of B-NHL cell lines as a model that may mimic the
development of resistance in patients. This chapter describes our
findings comparing wild-type and resistant clones, regarding pheno-
typic and molecular signaling, sensitization to apoptosis by various
chemotherapeutic drugs, and therapeutic interventions to reverse
resistance. We also describe, briefly, the methodologies used to gener-
ate the rituximab-resistance clones. The findings that emanated from
our studies with rituximab offer a model for other therapeutic anti-
bodies currently being used against a variety of tumor cells (6-12).
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2. Chimeric Mouse
Anti-human CD20
mAb Rituximab
(Rituxan,
IDEC-C2B8)

Rituximab is a genetically engineered chimeric mouse anti-human
CD20 mAb composed of murine light- and heavy-chain variable
regions and human gamma 1 heavy-chain and kappa light-chain
constant regions (IgGlk). It binds with high affinity to CD20
expressing cells and is the first FDA-approved mADb for the treat-
ment of NHL (5). Immunotherapy using Rituximab targeting
CD20 has been successful in treating B-cell lymphoproliferative
diseases as single-agent immunotherapy as well as in combination
with chemotherapy (13). High response rates have been reported
with rituximab in various NHL subtypes and chronic lymphocytic
leukemia (CLL) (14). Various mechanisms have been postulated
for the in vivo antilymphoma effects of rituximab including inhibi-
tion of cellular proliferation or triggering multiple cell-damaging
mechanisms such as antibody-dependent cellular cytotoxicity
(ADCC), complement-dependent cytotoxicity (CDC), and apop-
tosis induction (15). It also potentiates the cytotoxic effects of vari-
ous chemotherapeutic drugs on drug-resistant NHL B-cells (8).

3. Molecular
Mechanisms

of Rituximab-
Mediated
Sensitization

to Apoptosis by
Chemotherapeutic
Drugs

3.1. Inhibition

of STAT3, p38 MAPK
Pathways, and Bcl-2
Downregulation by
Rituximab in ARL

The mechanisms of in vitro and in vivo effectiveness of rituximab in
eradicating NHL cells (ADCC, CDC, and apoptosis) have been
described elsewhere (16). The in vivo efficacy of the combination of
rituximab and drugs in the treatment of drug-resistant tumors sug-
gests that rituximab can modify the drug-resistant phenotype by
interfering with signaling pathways and augments drug-induced
apoptosis. However, the molecular mechanism by which rituximab
interferes with the cellular signaling pathways has been the subject
of our research investigations (6-12). To address this issue, we
employed two model systems consisting of AIDS-related lymphoma
(ARL) and low-grade follicular (FL) lymphoma cell lines and ana-
lyzed the molecular effects of rituximab-mediated cell signaling.

Alas et al. (6) originally described one potential signaling pathway
negatively regulated by rituximab in 2F7 ARL cell line, which
revealed a concentration- and time-dependent downregulation of
IL-10 following rituximab treatment. IL.-10 is an antiapoptotic
protective factor in ARL cells in response to cytotoxic drugs,
which utilizes the JAK/STAT pathway mainly through the activa-
tion of STAT3. Rituximab decreases the phosphorylation and
DNA-binding activity of STAT3, which correlates with a decrease
in Bcl-2 expression. Furthermore, it was shown that rituximab
significantly inhibits the p38 mitogen-activated protein kinase
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3.2. Inhibition of the
NF-xB and the ERK1/2
Pathways and Bcl-x,
Downregulation

by Rituximab

in Low-Grade
Follicular Lymphoma

(MAPK) and NF-kB survival signaling pathways and in the selective
inhibition of the antiapoptotic gene product Bcl-2. The specificity
of rituximab-mediated effects was corroborated using various
specific pharmacological inhibitors as well as IL-10 neutralizing
Abs, all of which reduced the apoptosis threshold of drug-resistant
2F7 ARL cells. Inhibition of Bcl-2 expression by rituximab was
largely responsible for sensitizing the cells to apoptosis by various
chemotherapeutic drugs such as fludarabine, adriamycin, cisplatin,
and etoposide (6, 7, 11). These results suggest that rituximab
can trigger the ARL cells and through negative regulation of
the IL-10/STAT3/p38MAPK autoregulatory loop decrease the
expression of antiapoptotic Bcl-2, thus increasing the sensitivity
of the cells to apoptosis induced by various drugs.

The above studies show that rituximab adversely modulates
signaling pathways in EBV* DLBCL (e.g., ARL cells). Using an
EBV- low-grade FL in vitro model, we conducted additional
studies to further determine the signaling pathways and to identify
the apoptosis-related gene product(s) regulated by monomeric
rituximab. The results of these studies delineated rituximab-
mediated sensitization to drug-induced apoptosis of non-ARL
Ramos, Daudi, and Raji cells in a synergistic fashion, via down-
regulation of Bcl-x,. The FL. B-NHL cells underwent apoptosis
in response to low concentrations of various chemotherapeutic
drugs (paclitaxel, VP-16, CDDP) through the type II mitochondrial
apoptotic pathway (8).

We further delineated the signaling pathway(s) used by ritux-
imab for selective inhibition of Bcl-x; (in Bcl-2 deficient Ramos
cells and Bcl-2 expressing Daudi cells) NHL B-cells. Computer
analysis revealed NF-xB and AP-1-binding sites in the Bcl-x pro-
moter region, and NF-«kB and AP-1, in part, regulate Bcl-x; gene
expression. Thus, we evaluated the regulation of AP-1 by ritux-
imab and its role in chemosensitization. We showed that the
ERKI1 /2 pathway is constitutively hyperactivated in the FL cells
and rituximab decreased the phosphorylation-dependent state of
the components of the ERK1 /2 signaling pathway concomitant
with the upregulation of Raf-1 kinase inhibitor protein (RKIP)
expression. Induction of RKIP by rituximab enhances its physical
association with Raf-1, resulting in decreased activity of the
ERK1 /2 pathway, diminished AP-1-DNA binding capacity, and
downregulation of Bcl-x; expression and subsequent chemosensi-
tization of the NHL B- cells Similarly, rituximab-mediated RKIP
induction augmented the physical association of RKIP with
endogenous NIK, TAKI, and IKK, resulting in decreased activity
of the NF-kB pathway and diminished NF-xB transcriptional
activity resulting in downregulation of Bcl-x; expression and sub-
sequent chemosensitization of the NHL B-cell lines (10).

Pharmacological inhibition of the ERK1 /2 pathway (e.g.,
GW5074 [Raf-1 inhibitor], PD098059, U0126 [MEKI1/2
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inhibitors]), NF-kB pathway (SN-50, DHMEQ, Bayll-9075
[inhibitors of NF-kB nuclear translocation]) or functional impair-
ment of Bcl-x; (e.g., 2MAM-A3) mimicked the antiproliferative
and chemosensitizing effects of rituximab. These findings
revealed the ability of rituximab to interrupt the constitutively
active ERK1 /2 and NF-kB pathways in FL. NHL B-cell lines (9, 10).
We further determined the direct role of NF-xB in drug resis-
tance by functional block of the NF-kB pathway using cell lines
stably transfected with IxB-o superrepressor; these cells were
sensitive to drug-induced apoptosis in the absence of rituximab.
The presence of two-tandem NF-kB binding sites in the upstream
promoter region of the Bel-x gene supported the role of NF-xB
in the regulation of Bcl-x; expression, which was diminished
by the deletion of the NE-xbinding sites. We also confirmed
the pivotal role of Bcl-x, in chemoresistance by using Bcl-x
-overexpressing cells, which exhibited higher drug resistance and
were not sensitized by rituximab (10).

Our findings demonstrate that rituximab-mediated Bcl-2 and
Bcl-x; downregulation sensitizes the cells to drug-induced apop-
tosis. The protective role of Bcl-2 and Bcl-x; against chemother-
apy-triggered apoptosis was confirmed by using 2MAM-A3, which
binds to Bcl-2/Bcl-x; at the hydrophobic groove formed by the
highly conserved BH1, BH2, and BH3 domains, thus impairing
the antiapoptotic ability of Bcl-2 and Bcl-x; . In its optimal orienta-
tion, 2MAM-A3 and a proapoptotic BH3 peptide occupy overlap-
ping spatial coordinates within the hydrophobic groove and
compete for binding (17). Treatment of the ARL and FL cells
with 2MAM-A3 significantly enhanced the cytotoxic eftects of the
drugs and tumor cells underwent apoptosis in response to low and
clinically achievable concentrations of various drugs. The above
studies have identified several potential targets for therapeutic
intervention, namely, the components of the ERKI1 /2, STAT3,
p38 MAPK pathways, Bcl-2, Bcl-x , and RKIP, and might provide
a rational molecular basis for the therapeutic use of rituximab and /
or the inhibitors of these pathways in combination with chemo-
therapeutic compounds to increase treatment efficacy (9-11).

4. Development
of Rituximab-
Resistant B-NHL
Clones

Despite its well-established clinical efficacy and the superior ethi-
cacy of rituximab + CHOP compared to CHOP alone, a subpop-
ulation of patients does not respond to rituximab and /or acquires
resistance upon long-term rituximab therapy, and the molecular
mechanisms of such resistance are not fully understood (15, 16).
Treatment of relapsed disease with another course of rituximab in
NHL patients who initially responded to rituximab results in a
second response in only 40% of patients (18). Moreover, NHL
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4.1. Methods

patients who received eight weekly infusions of rituximab showed
only a slightly higher response rate (57%) than a comparable
cohort of patients who received four weekly infusions (48%) (19).
Hence, insufficient drug dosing alone may not account for
de novo or acquired resistance to rituximab in many patients.
Thus, it is imperative to delineate the underlying mechanisms of
resistance to define novel therapeutic interventions. Owing to
difficulties in obtaining patient-derived specimens and delineat-
ing the underlying mechanism(s) of acquired resistance, we estab-
lished an in vitro model of RR NHL cells.

RR clones were derived from the rituximab-responsive parental
NHL B-cell lines (ARL: 2F7, FL: Ramos and Daudi) by continuous
growth of the parental cells [in RPMI1640+10% heat-inactivated
fetal bovine serum (FBS)] in the presence of stepwise increasing
concentrations of rituximab (5-20 pg/mL for 10 weeks) sche-
matically shown in Fig. 1. At the termination of the 10-week
period, the cells were counted (trypan blue dye exclusion assay)

WT Ramos and Daudi NHL B-Cell Lines

Growth in the presence of Rituximab (5 ng/mL)

2 wieks
Growth in the presence of Rituximab (10 ug/mL)
2 weeks

Growth in the presence of Rituximab (15 ug/mL)
2 weeks

Growth in the presence of Rituximab (20 pug/mL)

4 w%eks

3 rounds of limiting dilution analysis — Clonal expansion of single cells

| Finions] s oshemcr sy A Fe T sones
Fig. 1. Establishment of rituximab-refractory (RR) B-NHL clones. Rituximab-resistant
(RR) clones were derived from the rituximab-sensitive parental NHL B-cell lines (ARL:
2F7,FL: Ramos and Daudi) by continuous growth of the parental cells [in RPMI1640 + 10%
heat-inactivated fetal bovine serum (FBS)] in the presence of stepwise increasing con-
centrations of rituximab (5—20 pg/mL for 10 weeks). At the end of the 10-week period,
the cells were counted by the trypan blue dye exclusion assay and were resuspended in
fresh medium at a density of 10 cells/mL and 100 pL of the cell suspension was plated
in flat-bottom 96-well plates (BD Biosciences) and incubated at 37°C incubator (5%
C0,) to initiate the growth of the cells from a single cell. Upon growth, the cells were
again resuspended in medium and were plated in the wells of a flat-bottom 96-well
tissue culture plate. A subsequent round of limiting dilution analysis (LDA) (a total of
three consecutive rounds) ensured the homogeneity of the cell population. Thereafter,
single cells were expanded and subjected to a battery of biochemical and functional
assays to compare the parental and RR clones.
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Analysis of the RR
Clones

4.2.1. Phenotypic

and Functional Properties
of the RR Clones (e.g.,
Differences Regarding

CD20 Surface Expression,

Proliferation, CDC,
Cross-linked Rituximab-
Mediated Apoptosis)
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and were resuspended in fresh medium (10 cells/mL) and 100 puL.
of the cell suspension was plated in flat bottom 96-well plates
(BD Biosciences) and incubated at 37°C incubator (5% CO,).
Two subsequent rounds of limiting dilution analysis (LDA)
ensured the homogeneity of the cell population.

Using a battery of functional and biochemical assays [in vitro kinase
assay, phospho-specific western blot, propidium iodide staining,
FACS analysis, electrophoretic mobility shift assay (EMSA), XTT
proliferation assay|, representative clones were compared to their
respective parental cells to examine alterations in rituximab-mediated
effects. The following objectives were investigated: (1) phenotypic
and functional properties of the RR clones (e.g., differences regard-
ing CD20 surface expression, proliferation, CDC, cross-linked ritux-
imab-mediated apoptosis), (2) chemosensitivity of the clones and
chemosensitization by rituximab, (3) activation status of the survival
signaling (STAT3, p38, ERK1 /2, and NF-«B) pathways, (4) expres-
sion of the Bcl-2 family members (regulators of apoptosis sensitivity ),
and (5) effects of specific pharmacological inhibitors of the survival
pathways on reversal of chemoresistance (10, 12).

Initial analysis of a representative RR ARL and FL clone, namely,
2F7-RR1, Ramos-RR1, and Daudi-RR1, revealed reduced surface
expression (~50%) of CD20 on the RR1 clones compared to their
respective parental lines [as shown by FACS analysis of cells stained
with 1 pg/mL anti-CD20 mAb 2B8 (IDEC Pharmaceuticals)]. As
the cells were grown in rituximab-free medium for long periods of
time prior to analysis, CD20 downregulation is not possibly due to
masking of CD20. Similar observation was reported by others (20).
Unraveling the significance of reduced surface CD20 expression
needs further investigation.

Reducing the proliferation rate of NHL Bells is postulated as
an in vivo antilymphoma mechanism of action of rituximab. In
vitro, rituximab induces homotypic aggregation of the parental
NHL B-cells and reduces their rate of proliferation (48-72%);
however, the RR1 clones did not respond to growth inhibition by
rituximab (even at fivefold higher concentration) possibly through
a defective ceramide (CER)-acid sphingomyelinase (A-SMase)
pathway (21). Parental cells underwent apoptosis in the presence
of complement (as supplied by human AB serum), the extent of
which was dramatically enhanced by rituximab (200 pg,/mL) pre-
treatment; however, the clones were resistant to CDC and increas-
ing the concentration of rituximab (up to 100 pug/mL) did not
enhance their sensitivity. Membrane-bound complement regula-
tors (CD46, CD55, and CD59) block complement-mediated
cytolysis and are expressed by a variety of solid tumors. Of these,
CD59 inhibits complement lysis by blocking the terminal phase
of complement activation, which is reversible with an anti-CD59
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4.2.2. Chemosensitivity
of the RR1 B-NHL Clones
and Chemosensitization
by Rituximab

4.2.3. Activation Status
of the Cell Survival
Signaling (STAT3, p38,
ERK1/2, and NF-xB)
Pathways

neutralizing mAb (22). However, the therapeutic efficacy of
rituximab is independent of the expression levels of the complement
inhibitors (23).

Rituximab induces modest levels of apoptosis, the extent of
which is significantly increased upon cross-linking rituximab.
Cross-linking rituximab with a secondary goat anti-mouse anti-
body (0.5-1 pug/mL) induced significant levels of apoptosis in
parental cells but not in the RR1 clones. Altogether, these data
suggest that the development of RR1 clones is accompanied by
phenotypic changes compared to parental cells; they express lower
levels of surface CD20 and are no longer responsive to rituximab-
mediated inhibition of proliferation, CDC, cross-linked ritux-
imab-induced apoptosis.

We have reported that rituximab sensitizes the NHL B-cells to
chemotherapy-induced apoptosis (8). To investigate whether the
RR clones can also be sensitized to chemotherapy, the RR1 clones
were pretreated with the optimal concentration of rituximab
(20 pg/mL for 24 h) followed by treatment with various drugs.
The RRI1 clones were not chemosensitized by rituximab even
when higher concentrations of rituximab (up to 100 pg/mL)
were used. Evaluating the sensitivity of the RR1 clones to various
drugs revealed that RR1 exhibit higher drug resistance (1.41-
5.1-fold) compared to their respective parental cells (24). A bat-
tery of anticancer drugs with distinct intracellular targets including
DNA intercalating agents (e.g., CDDP), topoisomerase 11 inhibi-
tor (e.g., VP-16), and microtubule targeting agents (e.g., pacli-
taxel and vincristine) were used, and the RRI1 clones exhibited
higher resistance to all of them, suggesting that the observed
resistance might be due to the activation status of the clones on
long-term rituximab exposure and /or aberrant cellular signaling,
as deregulation of the signal transduction pathways such as the
NF-xB, MAPKs, JAK/ STAT, AKT/PI3 kinase or aberrant
expression of the signaling molecules contribute to the acquired
chemoresistance (25, 26).

Rituximab redistributes CD20 to low-density, detergent-insoluble
membrane lipid rafts, which serve as platforms for signaling cas-
cades such as Src family kinases including lyn. We observed
reduced levels of phospho-Lyn in parental 2F7 cell lines upon
rituximab treatment, leading to inhibition of the p38 MAPK and
NF-«B pathways and downstream transcription factors SP1 and
STAT-3 leading to inhibition of Bcl-2 expression. In parental
cells, tumor derived IL-10 acts as growth/antiapoptotic factor,
activates STAT3 pathway and STAT3-dependent Bcl-2 expres-
sion. Interruption of this autoregulatory loop was largely respon-
sible for increased sensitivity of tumor cells to drugs (11). These
events were not observed in the 2F7-RR1 clone: we observed
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4.2.5. Effects of Specific
Pharmacological Inhibitors
of the Survival Pathways
on Reversal of
Chemoresistance
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constitutive hyperactivation of the p38 MAPK, NF-kB pathways
and increased STAT3 activity leading to overexpression of Bcl-2
and significantly higher resistance of the tumor cells to drug-
induced apoptosis (12), and rituximab was incapable of reducing
the activity of these pathways, suggesting that the RR1 clones
have lost the ability to respond to rituximab-mediated effects. In
parental FL cells (Ramos and Daudi), we identified two survival
signaling pathways, namely, the ERK1 /2 MAPK and the NF-kB,
which are constitutively active, leading to the expression of Bcl-
X, . Rituximab (as discussed above) inhibited these pathways and
various lines of evidence confirmed the protective role of Bcl-x, in
drug resistance of parental FL cell line (9, 10). Detailed analysis
of the signaling pathways in the FL. NHL B-clones (Ramos RR1
and Daudi-RR1) revealed that two major survival pathways
(NF-xB and ERKI1/2) are constitutively hyperactivated in the
clones, leading to overexpression of Bcl-2, Bcl-x;, and Mcl-1
antiapoptosis proteins, suggesting that the selective pressure
applied by prolonged rituximab treatment has coselected for
NHL B-cells that have constitutive hyperactivated signaling path-
ways and express higher levels of antiapoptotic proteins, which
have lost the capacity to undergo apoptosis in response to various
apoptotic stimuli.

In the parental 2F7, Ramos and Daudi, we observed high expres-
sion levels of antiapoptotic Bcl-2 and Bcl-x,, respectively, which
were reduced by rituximab pretreatment. Using various
approaches, we identified that these antiapoptosis resistant factors
were largely responsible for the drug-resistance phenotype of the
parental cells and their functional block or reduced expression (by
rituximab and inhibitors) sensitized the cells to drug-induced
apoptosis (6-11). However, in the RR1 clones, we observed
overexpression of the antiapoptotic Bcl-2 (in ARL RRI1 clone)
and Bcl-2 and Bcl-x, (in FL RR1 clones) compared to their paren-
tal cells. Surprisingly, the expression levels of these antiapoptotic
proteins were not modified upon rituximab treatment even at
high concentrations. Overexpression of these resistant factors and
the inability of rituximab to reduce their expression levels might
account for the chemoresistant phenotype of the clones and not
being sensitized to drug-induced apoptosis (12, 24), highlighting
the need for alternative approaches to reduce the expression level
of the antiapoptotic gene products and chemosensitize the drug-
and rituximab-resistant NHL B-clones.

Failure of rituximab to reduce Bcl-2 and Bcl-x, levels accounts for
failure of rituximab to chemosensitize 2F7-RR1, Ramos-RR1,
and Daudi-RR1 clones. Thus, we used specific pharmacological
inhibitors of the hyperactivated signaling pathways. The protea-
some inhibitor bortezomib is approved for the treatment of
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multiple myeloma and has significant single-agent activity against
certain subtypes of NHL (27). The unique NF-kB inhibitor,
DHMEQ), blocks the nuclear translocation, completely inhibits
NF-kB DNA binding activity, inhibits the growth of human
hormone-refractory prostate and bladder cancer cells, and at high
concentrations induces apoptosis (28, 29). The ERK1 /2 inhibitor,
PD098059, exerts its effects by specifically binding to the inactive
torm of MEK1 /2 and prevents its activation by Raf-1 (30). These
inhibitors blocked the hyperactivated signaling pathways, reduced
the Bcl-2 and Bcl-x; levels, and sensitized the RR1 clones to
apoptosis induced by low concentrations and clinically achievable
doses of topoisomerase II inhibitor (VP-16), DNA intercalating
agents (CDDP), and microtubule poisons (taxol, vincristine),
suggesting that deregulated cell signaling leads to overexpression
of antiapoptotic proteins in RR1 clones, which in turn results in
cross-resistance to various drugs (12, 24). Further, the chemo-
protective role of the Bcl-2 family members was confirmed by the
use of 2MAM-A3, a specific inhibitor that binds to the hydropho-
bic groove formed by the highly conserved BH1, BH2, and BH3
domains, thus impairing the antiapoptotic function of Bcl-2, Bcl-
X, and Mcl-1 (17), which proved necessary to reverse the drug-
resistance phenotype.

5. Concluding
Remarks

Based on the aforementioned experiments, rituximab can be used
as a chemosensitizing as well as an immunosensitizing agent (not
discussed here) to reduce the apoptosis threshold of NHL B cells
of DLBCL and FL origin. This attribute might explain the supe-
rior efficacy of rituximab when used in combination with drugs as
opposed to when it is used as a single agent. However, we also
need to deal with the issue of acquired /de novo rituximab resis-
tance. Our findings (Fig. 2) suggest that the development of
resistance to rituximab may be due, in part, to inability of ritux-
imab to signal the cells both at the cell membrane and intracel-
lularly; thus, the resistant cells become unresponsive to
rituximab-mediated cytostasis, CDC, apoptosis, or inhibition of
antiapoptotic signaling pathways which lead to modification of
the antiapoptotic-resistant factors. However, RR clones are still
amenable to chemotherapy using specific molecular targeting of
the components of deregulated pathways. These findings provide
alternative approaches to address resistance and suggest that
interference with specific pharmacologic inhibitors that can mod-
ulate survival pathways and downregulate antiapoptotic gene
products is capable of reversing resistance when used in combina-
tion with subtoxic doses of drugs. These findings also suggest
that the combination of the FDA-approved proteasome inhibitor
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Fig. 2. Proposed model of the development of RR in NHL B-cells. Multiple mechanisms have been proposed for the
acquired or inherent resistance to rituximab-mediated immunotherapy including (a) shedding of surface CD20 and the
presence of circulating CD20 that could potentially bind prematurely to rituximab, (b) overexpression of complement
inhibitors (blocking rituximab-mediated CDC), (c) transient or permanent loss of CD20, and (d) polymorphism in Fc recep-
tor (blocks rituximab-mediated ADCC). We propose that altered cell signaling in the tumor cells can also contribute to
rituximab resistance. In brief, in cells responding to rituximab-mediated effects inhibition of cellular survival pathways
culminates in downregulation of antiapoptotic gene products and potentiation of chemotherapy-induced apoptosis.
However, continuous long-term rituximab exposure leads to the development of NHL B-cells do not respond to ritux-
imab’s ability to regulate molecular switches leading to constitutive hyperactivation of the NF-kB, ERK1/2, p38, STAT3
survival pathways, resulting in overexpression of antiapoptotic gene products Bel-2 and Bel-x,_and increased apoptosis
threshold. These cells exhibit significantly higher resistance to a battery of chemotherapeutic drugs and will no longer
respond to rituximab-mediated chemosensitization even at high concentrations of rituximab. Targeted therapy using
specific pharmacological inhibitors of deregulated cell survival pathways or overexpressed antiapoptotic gene products
will reverse the resistance phenotype, and the clones can undergo apoptosis in response to low doses of drugs (see (16)
for further information).

bortezomib (Velcade, PS-341) with low-dose chemotherapy
may be applied in the treatment of B-NHL patients who are
unresponsive to rituximab and/or to combination of rituximab
and drugs.
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Chapter 34

Analysis of Drug Interactions

Irene V. Bijnsdorp, Elisa Giovannetti, and Godefridus J. Peters

Abstract

Most of the current therapies against cancer, and also those against immune diseases or viral infections,
consist of empirically designed combination strategies, combining a variety of therapeutic agents. Drug
combinations are widely used because multiple drugs affect multiple targets and cell subpopulations. The
primary aim is a mutual enhancement of the therapeutic effects, while other benefits may include
decreased side effects and the delay or prevention of drug resistance. The large majority of combination
regimens are being developed empirically and there are few experimental studies designed to explore
thoroughly different drug combinations, using appropriate methods of analysis. However, the study of
patterns of possible metabolic and biological interactions in preclinical models, as well as scheduling,
should improve the development of most drug combinations. The definition of synergism is that the
combination is more effective than each agent separately, ¢.g., one of the agents augments the actions of
the second drug. The definition of antagonism is that the combination is less effective than the single
agents, e.g. one of the agents counteracts the actions of the other. A combination can be studied by
combining the two agents in various different ways, such as simultaneous or sequential combination
schedules. It is essential to test the potency of a combination, before evaluation in the clinic, to prevent
antagonistic actions. However, one should realize that an antagonistic action may be desired when toxic-
ity is concerned, i.e. one drug decreases the side effects of another drug. Several attempts have been made
to quantitatively measure the dose—effect relationship of each drug alone and its combinations and to
determine whether a given combination would gain a synergistic effect. One of the most widely used
ways to evaluate whether a combination is effective is the median-drug effect analysis method. Using this
method, a combination index (CI) is calculated from drug cytotoxicity or growth inhibition curves. To
calculate a CI, the computer software Calcusyn can be used, taking the entire shape of the growth inhibi-
tion curve into account for calculating whether a combination is synergistic, additive, or antagonistic.
Here, we describe how combinations can be designed in vitro and how to analyze them using Calcusyn
or Compusyn. Moreover, pitfalls, limitations, and advantages of using these combinations and Calcusyn,/
Compusyn are described.

Key words: Combination study, Synergism, Antagonism, Calcusyn, Drug cytotoxicity
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1. Introduction

1.1. Isobologram

The objective of any drug combination is to achieve an improved
therapeutic result. To optimally design new drug combinations,
possible biological mechanisms of action serve as a basis for con-
sideration (1). However, only under well-defined circumstances
should the combination of selected drugs be followed from the
hypothesis to laboratory experiments to clinical trials. In par-
ticular, preclinical studies should evaluate the possible molecular
determinants of drug activity (i.e., targets and metabolism) and
try to mimic clinical steps (i.e., with clinically achievable con-
centrations and scheduling). To study drug interactions, stan-
dard drug cytotoxicity assays can be performed, such as the
sulphorhodamine B assay (2), the MTT assay (2), or the ATP
assay (3) as described elsewhere. In these assays, various concen-
trations of the single agents and the combinations are tested,
generating a growth inhibition curve. Several types of combina-
tions can be studied (a) with a fixed constant ratio, (b) with a
nonconstant ratio, (¢) a simultaneous drug exposure, or (d) a
sequential drug exposure. The tested dosing schedule and con-
centrations should depend on the biological mechanism of
action. In addition, possible biological /metabolism interactions
between drugs should be taken into account as well. Other end-
points that can be used are cell kill or modulation of a certain
target. For some combinations, the aim is to achieve antagonism
to decrease the side effects in vivo.

A combination is defined synergistic when the two drugs have
a greater effect than the drugs separately (e.g., 1 +1=>2). A com-
bination is antagonistic when the combination is less effective
than one of the two agents (e.g., 1 +1=<1). However, owing to
the complexity of the whole-cell biological system, the evaluation
of synergism and antagonism is not as straight forward as described
by these calculations. Therefore, various mathematical methods
and programs have been developed to calculate whether a combi-
nation is truly synergistic, including the isobologram (4), the
fractional effect analysis (5), the response surface approach (6, 7),
and the median-drug effect analysis (8, 9). All of these methods
have their advantages and disadvantages.

An isobologram consists of classical plots of each drug alone
(10), at a fixed concentration with a variable concentration of
the other drug. From these classical curves, iso-effect values
(e.g., IC, values) are estimated. These values are used to gener-
ate a second curve, the isobologram (Fig. 1). When the combi-
nation is synergistic, the data points from the combination will
be depicted at the left side of the curve, while the combination is
antagonistic when these points are at the right side of the curve.
This isobologram, however, does not allow any calculations
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Fig. 1. Example of the growth inhibition curve and matching plots that are generated by Calcusyn. (a) Growth inhibition
curve, showing the growth inhibition of drug A, drug B, and the combination of drug A with drug B at constant ratio. This
combination is highly synergistic. (b) FA plot showing the dose vs. effect. The effect is synergistic when the effect is
greater than the products of the effects of each individual agent, e.g., when 0.5 x 0.5<0.25. (¢) Isobologram, showing
synergism, because the observed datapoints are on the left side of the curve. (d) Median effect plot, calculated by
Calcusyn, showing strong synergism. (e) Example of an antagonistic growth inhibition curve. (f) The corresponding
median effect plot of the antagonistic growth inhibition curve.

about the extent of synergism and does not give confidence
intervals. This isobologram can be generated by the computer
program Calcusyn or Compusyn.

1.2. Fractional Effect The fractional effect analysis (FA) method is one of the most
Analysis straightforward methods to evaluate a combination (5). The
effect is considered synergistic when the observed effect is greater
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Fig. 2. Example of a presentation of drug interaction studies: cytotoxicity and pharmacological interaction of erlotinib and
pemetrexed. (Top) () Representative curves of growth inhibitory effects of erlotinib, pemetrexed, simultaneous 72-h expo-
sure and (b) simultaneous—sequential (24-h pemetrexed + erlotinib followed by 48-h erlotinib) combination, and (c) com-
bination index (Cl) fraction affected (FA) plot of erlotinib and pemetrexed combinations in SW1573 cells. (Bottom) Mean Cl
values of simultaneous (d) and simultaneous—sequential (e) erlotinib—pemetrexed combination in the panel of NSCLC cells.
Cl values at FA of 0.5, 0.75, and 0.9 were averaged for each experiment, and this value was used to calculate the mean
between experiments. Points and columns, mean values obtained from three independent experiments; bars, SE. (13).

1.3. The Response
Surface Approach

than the product of the effects of each individual agent, e.g.
0.5x0.5<0.25 (Fig. 2a, 3¢). However, it assumes a linear concentra-
tion—effect relationship for each agent and the combination. Most
of the concentration—effect curves have a sigmoidal shape.
Therefore, this model has only a limited applicability. Moreover,
confidence intervals are not given. The median-drug effect analysis
uses the FA values to calculate synergism.

The response surface approach is based on the isobologram.
It assumes that the data fit in a sigmoid concentration—effect rela-
tionship (7). Data are fitted into an equation using a computer
modeling algorithm. Various parameters are evaluated (IC,, sig-
moidity, and confidence intervals), resulting in two- (contour plot)
or three-dimensional (surface plot) graphical displays (7). These
plots give interaction ranges for synergism and antagonism.
The method is very complex and difficult to use reliably without
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sufficient statistical knowledge. Because of this limitation, this
method has not been widely used in the literature.

The median-drug effect analysis was originally described by Chou
and Talalay (8), which is now the most widely used method in the
literature for analyzing combinations. The program Calcusyn
(now replaced by Compusyn) provides the software and is consid-
ered to be one of the simplest software programs for quantifying
synergism or antagonism (9). It assumes that two or more drugs
alone, as well as the combination, will result in sigmoid (and not
linear) concentration—effect curves. The level of sigmoidity ()
and D_ (is the IC_, which is 50% growth inhibition) can be esti-
mated by first transforming the concentration—eftect data to a loga-
rithmicscale. Subsequently,alinearregressiononthelog-transformed
data can be fitted to an equation in which the growth-inhibitory
effect of each drug (FA), the sigmoidity of the curves, and the IC,
are included to calculate a combination index (CI). This CI is cal-
culated for each FA. These CI values are indicated in the median-
drug effect plot (Fig. 1). The program only allows entry of FA
values in the range 0.01 <FA<0.99. From the median drug etfect
plots, the dose that reduced absorbance by 50% (D, ) and the slope
(m) were calculated. The data were only applicable to this method
of analysis when the linear correlation coefficient 7 of each obtained
curve was >0.9. The program uses the formula D, _,, =D [FA/
(1-FA)]¥” to calculate the doses of the separate drugs and com-
bination required to induce various levels of cytotoxicity. For each
level of cytotoxicity a mutually nonexclusive combination index
(CI) is calculated using the formula: CI=[(D),/(D,_.,),1+[(D),/
(D, ), 1+[a(D) (D),/(D,_1),(D,_;s),]- The parameters (D),
and (D), represent the doses of the combination of drugs in a fixed
ratio, whereas (D, ), and (D, .,), are the doses of the individual
drugs resulting in the effect 1 -FA and a=1 for mutually nonex-
clusive drugs. Experimental conditions with an FA lower than 0.5
are generally considered as less clinically relevant, since it only rep-
resents a minor level of growth inhibition. Therefore, it is advisable
to calculate the average of the CI values at FA values of 0.5, 0.75,
and 0.9. These values can subsequently be evaluated for synergism,
additivity, and antagonism (Table 1). It is, therefore, important to
define whether the agents act mutually nonexclusive (the drugs
have different mechanisms of action or are acting independently)
or mutually exclusive (the drugs are operating on the same tar-
get, one agent may prevent the action of the other agent).

In this chapter, we describe with several examples and proto-
cols, applications of this method for combination studies with a
fixed constant ratio or a nonconstant ratio, with simultaneous
drug exposure or sequential drug exposure schedules, and how to
analyze these combinations using the program Calcusyn, the pit-
falls, limitations, and the advantages of the models.
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Table 1

Combination index values and their indication
Cl Synergism/antagonism
<0.1 +++++ Very strong synergism
0.1-0.3 +H++ Strong synergism
0.3-0.7 +++ Synergism

0.7-0.85 ++ Moderate synergism
0.85-0.9 + Slight synergism
0.9-1.1 Nearly additive

1.1-1.2 - Slight antagonism
1.2-1.45 - Moderate antagonism
1.45-3.3 -— Antagonism

3.3-10 —— Strong antagonism

>10 - Very strong antagonism

Simplified CI values and their indication

<0.8 Synergism
0.8-1.2 Additive
>1.2 Antagonism

2. Materials

2.1. Cytotoxicicity
Assay

2.2. Computer
Software Program
Calcucyn

. 96-Well plates (see Note 1).
. Cell culture medium.

. Drugs of interest (see Notes 2-5).

B W N~

. Plate reader with various filters for measuring the optical den-
sity (OD) or fluorescence intensity, depending on the type of
cytotoxicity assay (see Note 5).

This program enables to evaluate drug combinations; it is now dis-
tributed by ComboSyn as Compusyn at WWW.ComboSyn.Com.
Based on ISI Citation Index and PubMed 2009, the median-
effect equation and plot (Chou), and the combination index
equation and plot (Chou-Talalay) have been cited in over 3,970
scientific papers published in over 381 different biomedical jour-
nals. Applied to in vitro and in vivo data, single drug analysis or
combinations up to seven drugs.
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3. Methods

3.1. Combinations with
a Fixed Constant Ratio

3.2. Gombinations with
a Non-fixed Ratio

This type of combination is advised when the two agents have the
same type of growth inhibition curves (Figs. 1 and 2), with con-
centrations over a comparable range around the IC,.

1.

6.
7.

Seed cells in the desired cell density in a 96-well plate (see
Notes 2—4).

. Determine a concentration range of the single agents to gener-

ate a sigmoid-shaped growth inhibition curve. It is preferable to
have several data points above the IC_, and some points below

the IC,, to make the calculation more accurate (see Note 8).

. It should be taken into account that the concentration range

used in vitro is also achievable in vivo. Moreover, the concen-
trations should not result in a high rate of side effects in vivo.

. Usually, combinations with a fixed ratio are based on the IC,

values of the single drugs (e.g., when the IC, value of drug
Ais 1 nM and the IC,; value of drug B is 5 nM, the molar
ratio will be 1:5). Use this ratio for each concentration tested
(see Note 8). Dependent on the mechanism other types of
ratios can be used, such as IC, :IC  based ratio.

. In addition to the combination, always include the growth

inhibition curves for each single agent.
Expose the cells to the drugs for the desired exposure time.

Determine the CI.

This type of combination is used when one of the agents is much
more active, or one of the agents has an action in a shorter time,
while the second agent needs longer time to exert cytotoxicity,
for example when one of the agents is given as a bolus injection,
while the second by continuous infusion. Then the agents are
administered in a non-fixed ratio. Use a fixed concentration for
the drug that is administered as a continuous infusion and a non-
fixed concentration for the drug that is given as a bolus.

1.

Seed cells in the desired cell density in a 96-well plate (see
Note 2—4).

. Determine a concentration range of the single agents consist-

ing of at least six different drug concentrations, generating a
growth inhibition curve (Fig. 1) (see Note 7).

. The concentration range for variable drug (e.g., drug B)

should contain values that are nearby the IC, concentration
of drug B (when drug A is given at a fixed concentration, a
concentration around the IC, is desirable) (see Note 9).

. Besides the combination, always include the growth inhibition

curve for the single drug B and that of the fixed concentra-
tion of drug A.
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Fig. 3. Example of the plots that are generated by Calcusyn, when a combination is used of which one agent is cell cycle-
dependent and needs longer time to exert its activity. (@) Growth inhibition curve. When the growth inhibition curves are like
this example, it might be better to use a non-fixed concentration. (b) FA plot, belonging to the curves of a. (c) isobologram,
belonging to the evaluation of a and b. (d) Median effect plot showing antagonism at the lower concentrations and synergism
at the higher concentrations. (e) Example of a growth inhibition plot of a non-fixed combination. Concentration—effect curves
of the gemcitabine—cisplatin (CDDP) combination. CDDP was used at causing a 25% growth inhibition (0.25 FA). The expected
growth curve (—e—) was calculated by multiplying the effect of CDDP by that of gemcitabine (—+—) at each concentration.
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Expose the cells to the drugs for the desired exposure time.

Determine the CI.

3.3. Combinations with  This type of combination is used when one of the tested agents

a Sequential Schedule  acts much more rapidly than the other. For example when drug A is
cell cycle dependent, while drug B is not. Then give the drug A first
(Fig. 2b and 3) (see Note 10).

1.

<

Seed cells in the desired cell density in a 96-well plate (see
Notes 2-6).

. Determine a concentration range of the single agents consist-

ing of at least six different drug concentrations, generating a
growth inhibition curve (Fig. 1).

. Determine the type of combination to examine, e.g., fixed

ratio or non-fixed ratio.

. The concentration range for the combination should contain

values that are nearby the IC_| concentration.

. Determine the exposure sequence (e.g., which drug first) and

the time of preexposure of drug A, depending on the mecha-
nism of action of the drug (see Note 11).

. After the preincubation time, remove the medium from the

plate and add the combination of drug A with B or only
drug B. Alternatively, the combination is added to the medium
(in a higher concentration because of the dilution). It is not
required to wash your cells when the combination is added.

. Besides the combination, always include the growth inhibi-

tion curve for the single agents under similar conditions and
plate handling.

. Make sure that all the controls are included for all the tested

exposure times (e.g. when a 24 h preexposure is chosen after
which the combination is added for 48 h, drug A as a single
agent should be tested for 72 h and drug B as a single agent
should be tested for 48 h).

. Expose the cells to the drugs for the desired exposure time.
10.

Determine the CI.

<

Fig. 3. (continued) Since the observed effect (—A—) is below that of the expected line, synergy was concluded. Using the
median drug effect analysis, the combination index was 0.4 +0.02. Reproduced from Peters et al. (1), permission requested from
the copyright holder. (f) Example of a non-fixed combination with a sequential drug exposure schedule (—M—). Evaluation of
the drug interaction between gemcitabine (——, exposure from 0-96 hr) and CDDP (—+—, from exposure 24-96 hr) when
one of the drugs and/or the combination shows cell Kill. For this purpose the Y-axis has been adapted, because a normal growth
inhibition curve only depicts 0-100%, cell kill would be a negative value which can not be evaluated by the program. Therefore in
this curve 0% represents background absorbance, and 100% is the same and represents control growth; the dotted horizontal
line separates growth inhibition (higher values) from cell kill (lower values). Median drug effect analysis (insert with CI-FA plot)
revealed a mean Cl of 0.02. modified from Peters et al (2000), partially from data published in Padrén et al. (1999).
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Fig. 4. Example of a poor growth inhibition curve and the corresponding median effect plot that is generated by Calcusyn.
(@) Growth inhibition curve, where the combination is not representative for analysis, since the line is not smooth. When
the growth inhibition curves are like this example, you can remove one data point (e.g., the point of 90 M) or redo the
experiment. (b) Median effect plot showing antagonism for most data points, and synergism at FA 0.6, because of the

wrong data point.

3.4. Combination
Analysis with
Calcusyn

3.4.1. FA curves

. Calculate the percentage of growth from the growth inhibition

graphs (Fig. 1) (see Note 12).

. From the percentage growth, calculate the fraction affected

(FA) by the following formula:

o
FA=1—[ % growth}
100

. In the computer program Calcusyn, the FA values need to be

entered for each tested concentration of the single com-
pounds and the combination(s) (Fig. 5).

. When a fixed ratio is used, this can be filled in at the desig-

nated box (tick box “constant ratio”). When a non-fixed ratio
is used, the ratios between the two drugs need to be entered
for each concentration.

. Each single agent and the combination need to be entered

separately for each tested drug concentration. See Fig. 5 for
an example to enter the FA in Calcusyn.

. When the concentrations are entered, various graphs indicate

the interaction of the combination. These graphs include the
FA, isobologram, and combination index (Fig. 1). These are
discussed in the next paragraphs.

. The FA curve is another way used by Calcusyn to depict a

growth inhibition curve. The FA curve indicates the effect of
each separate agent and the combination (Fig. 1b)

. Do not include values that are too much at the end of the

sigmoid shape of the curve. This is at the part of the graph
where growth inhibition is hardly induced (100% growth) or
at the maximum (0% growth).
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3. Values higher than 100% or negative values cannot be used,
e.g., when the growth is higher than 100% (FA=0) or less
than 0% (FA=1) and cell kill (FA>1) is induced. In this case,
0.01 or 0.99 can be entered, respectively.

3.4.2. Isobologram 1. This graph depicts the combinations of various doses; it can be
used to illustrate additivity, synergism, or antagonism (Fig. 1c).

2. The ED90, ED75, and ED50 points in the graph indicate
whether synergy or antagonism occurs. When the points are
on the left side of the lines, the combination is synergistic.
When the points are on the right side of the lines, the combi-
nation is antagonistic.

3.4.3. Median Effect Plot 1. This plot shows the combination index (2-axis) to the FA
values (X-axis) (Fig. 1d).

2. The standard deviation can be shown by inclusion of bars

(Fig. 2¢) or by an upper and lower line. When the standard

deviation is very large, the entered points are possibly not in

a smooth sigmoid shape, or the FA values are not entered

correctly. If it concerns an outlier data point (Fig. 4), the outlier
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Fig. 5. Example of data points that have to be entered in the software program Calcusyn, showing a combination with a

constant ratio of 1:4.

Procedure:

e Enter name of the experiment, the investigator and the date of the experiment.

e Add a new drug (drug A), enter the name of the drug and enter the concentrations and corresponding FA values.

¢ Add a new drug (drug B), enter the name of the drug and enter the concentrations and corresponding FA values.

¢ Add a new drug (the combination), enter the name of the combination.

e Select the drugs of the combination and tick the box constant ratio when a constant ratio combination experiment has
been performed and enter the ratio.

e Enter the concentrations and the corresponding FA values for the combination.

o After completion, you can select the combination.

¢ The graphs and the data of all parameters are shown on separate pages
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can be removed from the dataset or the experiment should be
redone when it concerns more than one data point.

. It is not preferable to delete any data points in the middle of

the dose—eftect curve. This can only be done when the data
point is highly likely to be incorrect due to culturing or dilution
errors (Fig. 4).

. When the chosen data point resulted in none or very high

levels of growth inhibition or even cell kill, these points can
be unreliable due to the sensitivity of detection. Therefore,
these data points can be deleted.

. This multiple drug effect model does not allow the evaluation

of combinations that lead to a complete growth inhibition or to
cell kill. Such combinations can also be evaluated by a modifica-
tion of growth inhibition plotting (12) (see Note 13; Fig. 3f).

. In order to evaluate combinations indexes from different

experiments, the CI values at FA 0.5, 0.75 and 0.9 of each
experiment should be averaged for that specific experiment.
This mean is subsequently averaged with the values of the
other separate experiments, so that the various experiments
can be presented as means + SEM (Fig. 2d and e).

4. Notes

. Other plates can also be used, such as a 24-well or a 6-well

plate, depending on the type of assay. The 96-well plate is
used to determine drug cytotoxicity using the SRB, MTT, or
ATP assay. Other plates can be used for other types of assays,
such as the 6-well plate for determining cell death with pro-
pidium iodine (PI)-stained cells.

. Many compounds are light-sensitive. When adding such a drug,

it is important to switch off the lights of the laminar flow.

. Many drugs are instable, therefore avoid freeze-thaw cycles,

but store aliquots.

. Keep track of the expiration date of the drugs upon dissolving

it, since some drugs cannot be stored a long time in the
freezer.

. For SRB and MTT, usually a filter of 540 or 492 nm is used.

For fluorescence it depends on the excitation and emission of
that specific dye.

. To obtain reliable and reproducible results, it is important to

start the experiment with cells that are growing within the
log-phase. Seed cells in a density, high enough to end the
experiment with subconfluent layers for the controls.
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7. If the graphs do not have a comparable shape (for example
see Fig. 3a), then use a nonconstant ratio concentration.
Otherwise the calculation of synergy is inaccurate (Fig. 3).

8. The concentration range for the combination should contain val-
ues that are surrounding the IC,; concentrations of both drugs.

9. When a non-fixed ratio is used, use a fixed concentration of
drug A that induces growth inhibition that is not too high,
such as the IC , concentration. When extremely high levels of
growth inhibition are induced, interactions cannot accurately
be determined. For drug B, make a concentration range
which will result in a sigmoid-shaped curve.

10. When a drug needs for example 3 days to exert it cytotoxicity,
do not use a 48 h drug exposure time, because the synergistic
effect will be masked.

11. When a drug is cell cycle mediated (such as nucleoside analogs),
a preincubation time of 24 h can be chosen, a time in which
cells have completed at least one division cycle. For rapidly act-
ing drugs, such as the TNF-related apoptosis inducing ligand
(TRAIL), a shorter exposure time can be used, such as 24 h
using the MTT assay; depending on the assay type used, these
time points can vary and have to be determined in advance.

12. Note that negative growth values or values greater than 100%
growth cannot be entered into the program Calcusyn for the
calculation of the combination index.

13. Evaluation of a combination where cell kill occurs can be
done by a different type of plotting. By this modified plot-
ting, the whole of each concentration—eftect curve (including
the cell kill) is adjusted in a way that each data point will fall
within the intervals of 0.01 <FA>0.99. This conversion can
be done as follows: the entire growth inhibition curve is set to
the percent of untreated cells at the end of the experiment,
e.g., the untreated control is set to 100%. The background
level of the readings of the spectrophotometer is set to 0%.
This modification allows the inclusion of data points that oth-
erwise would be excluded because they fall outside the range
of effect that can be log-transformed. In this way, a combina-
tion that results in cell kill can be assessed, even though the
single agents do not (12).
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Transfection and DNA-Mediated Gene Transfer

Davide Zecchin and Federica Di Nicolantonio

Abstract

The advent of recent technologies such as gene expression microarrays and high-throughput sequencing
methods has allowed for unveiling the molecular complexity of cancer. However, compared to the
genomic discovery stage, the functional characterization of genes that have been found altered (by
somatic mutations, rearrangements, or copy number variations) or differentially regulated at the expres-
sion level is still lagging behind. In the future, it is anticipated that efforts would be aimed at addressing
the impact of such genes on several cancer traits, including tumor formation, dissemination, and response
to therapies. These studies would likely have to rely on introducing the gene(s) of interest (in its wild-type
or altered version) in cellular models. We describe here a number of techniques to introduce nucleic acids
into eukaryotic cells, ranging from conventional plasmid transfection to lentiviral transduction and
adeno-associated viral (AAV)-mediated DNA transfer.

Key words: Transfection, Plasmid, Lentiviral vectors, Targeted homologous recombination, Knock-in,
Cancer mutations

1. Introduction

In the early 1980s, investigators had to face important questions
related to the cause of human cancer. At that time it was clear that
(1) some retrovirus-derived genes were characterized by trans-
forming properties, (2) most naturally occurring human tumors,
nevertheless, did not appear to be caused by viruses, and (3) the
transforming genes of acute transforming retroviruses were homol-
ogous to DNA sequences present in normal uninfected cells (1).
These evidences raised the hypothesis that the cause of most
human cancers can reside within the human genome and, in par-
ticular, in the alteration of genes normally present in the DNA of

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_35, © Springer Science+Business Media, LLC 2011
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human cells. How to investigate, then, the transforming properties
of sequences homologous to the retroviral oncogenes? The answer
is this: by “introducing” such sequences within normal cells.
Application of this strategy resulted in the discovery of one of the
most important human oncogenes: ras (2).

Similar problems and questions, related to the molecular
determinants causing human cancers, are still extant. In the last
tew years, in fact, high-throughput analysis of tumor genomes has
led to the identification of a large number of cancer-associated
alleles. Assessing their functional role in tumor progression by
“introducing” them into appropriate cell models is the next chal-
lenge. The most popular methods used nowadays to deliver DNA
sequences within target cells are briefly described in this chapter.

Two main approaches can be used to insert cancer-associ-
ated mutations in cell models. In the first approach (Fig. 1), the
corresponding cDNAs of putative oncogenic alleles are intro-
duced into cells by transfection or viral transduction. However,
ectopic expression methods are often hampered by artificially
high gene expression levels.

In the second approach (Fig. 1), mutations are introduced
into the genomes of human normal or tumor cells using gene
targeting methods. Although more laborious and time-consuming
than overexpression-based methods, homologous recombination-
mediated gene targeting in human somatic cells has proven valu-
able for a variety of purposes: to express oncogenic alleles from their
endogenous promoters (3), to selectively delete the mutated allele
of an oncogene (4), to knockout gene function by exon removal,
and to delete both alleles of a tumor suppressor gene (5).

It should be noted that not all cell types are successfully ame-
nable to manipulation by the techniques presented in this chapter.
Therefore, the most suitable experimental approach has to be
chosen in function of the target cells. Scientific literature and Web
pages of companies selling transfection—transduction reagents are
usually good sources of information for several cell types.

2. Materials

2.1. Transfection by
Calcium Phosphate

1. Cell culture medium and supplements recommended for the
target cells.

2. Incubator: 37°C, humidified atmosphere of 4-6% CO, in air.
3. Purified plasmid DNA.

4. 0.1x TE bufter: 1 mM TrissHCI, 0.1 mM EDTA. Sterile.
Store at +4°C.
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Fig. 1. Different strategies to introduce exogenous DNA sequences in eukaryotic cells. (a) Transfection of plasmids and
transduction of lentiviral vectors are two strategies employed to introduce the cDNA of a transgene into a target cell. The
expression of the cDNA is usually controlled by an exogenous constitutively active promoter collocated upstream of the
gene. (b) rAAV vectors are able to introduce a specific DNA sequence in the genome of a cell by homologous recombina-
tion. This strategy can be employed to insert a genetic alteration into a target gene in a locus-specific manner. The
resulting mutated gene will be expressed within the cell under the control of the endogenous promoter. (c) rAAV vectors

can also be employed to delete a specific sequence from a target gene by homologous recombination. In the figure is
represented the deletion of a codifying exon.
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5.
6.

—

2.2. Transfection by
Lipofectamine™ 2000 2

2.5 M CaCl,. Filtered using a 0.22-pum filter. Store at -20°C.

2x HBS: 281 mM NaCl, 100 mM HEPES, 1.5 mM Na, HPO,,
pH 7.12. Filtered using a 0.22-um filter. Store at -20°C.

. Steps 1-3 as in Subheading 2.1.
. Opti-MEM® I Reduced Serum Media (Invitrogen

Corporation, Grand Island, NY, USA).

. Lipofectamine™ 2000 (Invitrogen).

2.3. Transfection by 1. Steps 1-3 as in Subheading 2.1.
FUGENE® 6 2. Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco/
Transfection Reagent BRL, Bethesda, MD).
3. FuGENE® 6 transfection reagent (Roche Diagnostics Corp.,
Indianapolis, IN, USA).
2.4. Generation of Important: The biosafety office at your institution must be notified
Lentiviral Vectors prior to use of this system for permission and for further institution-

specific instructions. BL2/(+) conditions should be used at all times
when handling lentivirus.

1.
2.

Monolayer of 293T cells approximately at 30%—50% confluency.

Iscove’s Modified Dulbecco’s Medium (IMBM) (Invitrogen),
containing 10% (v/v) fetal bovine serum (FBS) and antibiotics.

. CMV-dR8.74 or pMDLg/pRRE + pRSV.REV purified pack-

aging plasmids (Addgene Inc., Cambridge, MA 02139-1666,
USA).

4. pMD,VSV.G purified envelope plasmid (Addgene).

. Suited transfer lentiviral purified vector.

6. 0.1x TE buffer: 1 mM Tris—-HCI, 0.1 mM EDTA. Sterile.

Store at +4°C.

7. 2.5 M CaCl,. Filtered using a 0.22-um filter. Store at -20°C.

2.5. Concentration 1.

of Lentiviral Vectors

.2x HBS: 281 mM NaCl, 10.0 mM HEPES, 1.5 mM

Na,HPO,, pH 7.12. Filtered using a0.22-um filter. Store
at -20°C.

Ultracentrifuge Beckman Optima XL100K (Beckman Coulter
Inc. Brea, CA, USA).

2. Ultracentrifuge tubes in polyallomer (Beckman Coulter).

. Sterile Phosphate-Buffered Saline (PBS) with 1% (v/v) Bovine

Serum Albumin (BSA).

2.6. Generation AAV vectors made in the absence of helper virus are considered
of rAAV BSL1, implying that no special precautions must be taken during
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in Which the Construct
is Integrated

2.8. Screening
of Site-Specific
Recombinant
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handling. This system is now commercially available from
Stratagene and has made constructing a rAAV more practicable in
laboratories equipped for standard molecular biology and tissue
culture procedures.

1.
2.

[©) NS 2 T SN I \§)

Monolayer of 293T cells approximately at 30%—50% confluency.

Iscove’s Modified Dulbecco’s Medium (IMBM) (Invitrogen),
containing 10% (v/v) FBS and antibiotics.

. Purified pHelper and pAAV RC plasmids (Stratagene, La

Jolla, CA).

. Recombinant pAAV vector harboring the homologous arms

flanking a antibiotic cassette (pAAV-MCS backbone plasmid
can be purchased from Stratagene).

. 0.1x TE buffer: 1 mM Tris-HCI, 0.1 mM EDTA. Sterile.

Store at +4°C.

. 2.5 M CaCl,. Filtered using a 0.22-pum filter. Store at -20°C.
. 2xHBS:281 mM NaCl, 100 mM HEPES, 1.5 mM Na,HPO,

pH 7.12. Filtered using a 0.22-um filter. Store at -20°C.

. Dry ice—ethanol bath and the 37°C water bath.

. Cell culture medium and supplements recommended for the

target cells.

. rTAAV preparation from the previous step.

. Sterile reagent reservoir (suitable for multichannel pipette).
. 12 channel pipette, 200 pL.

. 96-well tissue culture plates.

. Antibiotic for selection (e.g., G418).

1. Lyse and Go reagent (Pierce, Rockford, IL, USA).

o N O U

. Platinum Taq, 50 mM MgCl,, 10x PCR bufter, 100 mM

dNTPs set (Invitrogen). Store at —20°C. Platinum Taq should
be conserved within an enzyme cooler.

. High-purity Dimethyl Sulfoxide (DMSO) solution (Sigma-

Aldrich Co). Store at room temperature. Light sensitive.

. Primers designed for detection of the locus-specific recombi-

nation of the construct.

. 96-well PCR plates.

. 12 channel pipettes, 200 and 20 pL.

. PCR thermocycler suited for 96-well PCR plates.

. Apparatus and reagents for DNA gel electrophoresis.
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3. Methods

3.1. Nonviral Methods

3.1.1. Transfection
by Calcium Phosphate
Coprecipitation

The process of introducing nucleic acids into eukaryotic cells by
nonviral methods is defined as “transfection.” This can be achieved
by the following methods:

Calcium phosphate coprecipitation became a popular transfection
technique starting from the early 1970s (6). Calcium phosphate
coprecipitation is widely used because the components are easily
available and inexpensive, the protocol is easy-to-use, and many
different types of cultured cells can be transfected. This technique
is based on the combination between HEPES-buffered saline
solution (HBS), containing phosphate ions, and a calcium chlo-
ride solution containing the DNA to be transfected. The mixture
results in the formation of a calcium-phosphate fine precipitate
binding the DNA on its surface. Target cells are able to take up
some of the precipitate and, with it, also the DNA. This method
is particularly suited for the generation of transient transfectants,
but in some cases stable transfectants can also be produced.

All of the procedure should be performed under a laminar
flow sterile hood.

1. Oneday before transfection, plate approximately 1-5 x 10° cells
in a 10-cm dish so that cells will be 50-70% confluent at the
time of transfection (see Note 1).

2. The next day, 2 h before the transfection, replace the medium
using 9 mL of culture medium.
3. Prepare the calcium chloride-DNA solution as follows:

(a) In a sterile 15-mL Falcon tube, pipette 450 puL. of TE
0.1x/sterile water at a 2:1 ratio, containing 10 pg of
DNA (see Note 2).

(b) Add 50 pL of CaCl, 2.5 M to the solution from step 3a.
Immediately vortex the tube and incubate the solution at
room temperature for at least 5 min.

4. Add dropwise 500 puL of 2x HBS to the calcium chloride—
DNA solution while the tube is vortexing. Immediately
remove by pipette the new mixture (1 mL in total) and add it
to the 9 mL of complete medium in the cell dish.

. Gently swirl the dish.
. Incubate cells at 37°C in a CO, incubator overnight.

. Replace the medium with complete medium (see Note 3).

o NN O !

. For stable cell lines: Passage cells at an appropriate dilution
(e.g., 1:10) into fresh growth medium when they are very
close to confluence. Add selective medium (if desired) the
following day.



3.1.2. Transfection
by Lipid-Based Methods

3.1.2.1. First-Generation
Products: Lipofectamine™
2000
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Lipid-based methods rely on the formation of complexes between
the negatively charged backbone of nucleic acid molecules and
the positively charged head groups of cationic lipids. These com-
plexes, also called “liposomes,” can then fuse with the cellular
membrane, releasing the DNA within the target cell.

Lipid-based methods allow higher efficiency of transfection in
several different cell types and higher reproducibility, and they
can be employed to produce either stable transfectants or tran-
sient transfectants. Nevertheless, these approaches are much more
expensive than calcium phosphate coprecipitation.

In first-generation commercial lipid methods, transfection
should occur in the absence of serum. Next-generation products
overcame these limitations, extending the range of target cells to
those that are not able to tolerate serum-withdrawal conditions.
These methods are currently among the most commonly employed
ones for cancer cells, as these are usually resistant to the cytotoxic-
ity induced by lipid compounds. The protocol for the transfection
of cells using one of the most popular lipid-based reagents is
reported below for a 24-well format:

1. Adherentcells: Onedaybefore transfection, plate 0.5-2 x 10°cells
in 500 pL of growth medium without antibiotics (see Note 4)
so that the cells will be 80-90% confluent (see Note 5) at the
time of transfection. In the case of cells in suspension, just prior
to preparing complexes, plate 4-8x10° cells in 500 pL of
growth medium without antibiotics.

2. For each transfection sample, prepare complexes as follows:

(a) Preparation solution A: dilute 0.8 pg DNA in 50 pL of
Opti-MEM® I Reduced Serum Medium without serum
(or other medium without serum). Mix gently.

(b) Preparation solution B: mix Lipofectamine™ 2000 gently
before use and then dilute 2 uL of Lipofectamine™ in 50 pL
of Opti-MEM® I Medium. Incubate for 5 min at room
temperature. Proceed anyway to step ¢ within 25 min.

(c) After 5-min incubation, combine solution A with solu-
tion B (total volume =100 pL). Mix gently and incubate
for 20 min at room temperature (solution may appear
cloudy).

3. Add the 100 pL of complexes to each well containing cells
and medium. Mix gently by rocking the plate back and forth.

4. Incubate cells with DNA-Lipofectamine complexes at 37°C
in a CO, incubator for 3-6 h (see Note 6).

5. Change medium using complete medium with the normal
amount of serum and antibiotics.

6. For stable cell lines. Passage cells at a 1:10 (or higher dilution)
into fresh growth medium 24 h after transfection. Add selec-
tive medium (if desired) the following day.
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3.1.2.2. Next-Generation
Products: FUGENE® 6

3.2. Transduction-
Based Methods

3.2.1. Lentiviral Vectors

The latest generation lipidic compounds have overcome
problems related to the cytotoxicity of the previous reagents. The
use of these products has resulted in an increased efficiency of
transfection, especially for cells requiring long-term incubations
with the classical DNA-liposome complexes. On the other hand,
such compounds are usually more expensive than first-generation
reagents.

In the following lines, we report the protocol of transfection
tor one commercial reagent included in this latest list of transfec-
tion lipids.

1. One day before transfection, plate 1-3 x 10° cells in a 35-mm
culture dish in 2 mL of medium (or a 6-well plate) so that
cells will be 50-80% confluent at the time of transfection.

2. Prepare a sterile Eppendort tube containing 97 ul. of DMEM
serum-free and antibiotics-free medium and then add 3 uL of
FuGENE reagent to the medium. Vortex the solution for 1 s
and incubate for 5 min at room temperature.

3. Add 2 pg of DNA solution to the prediluted FuGENE 6 from
step 2. Gently tap the tube to mix the content (see Note 7).

4. Incubate 30 min at room temperature.

5. Add the transfection reagent—-DNA complex to the cells in a
dropwise manner. Swirl the wells or flasks to ensure distribu-
tion over the entire plate surface — there is no need to change
the medium.

6. Extraction/selection after 48 h.

Viruses have evolved specialized molecular mechanisms to effi-
ciently transport their genomes into the cells they infect. Biologists
adapted these mechanisms and developed viral vectors as a tool to
stably introduce genetic material into the genome of target cells.
Delivery of genes by a virus is termed transduction, and the
infected cells are described as transduced.

Lentiviruses are a subclass of retroviruses. They have recently
been adapted as gene delivery vehicles (vectors), thanks to their
ability to integrate into the genome of nondividing cells. The viral
genome in the form of RNA is reverse-transcribed when the virus
enters the cell to produce DNA, which is then inserted into the
genome at a random position. Recombinant lentiviral particles
harbor in their genome a transgenic cassette. After the infection
of the target cells, the transgene is stably integrated into the
genome and expressed under the control of an upstream promoter.
Moreover, for safety reasons, virus particles are replication-
deficient, so are designed to be unable to replicate in their host
after they deliver their transgenic content.



3.2.2. Generation
of Lentiviral Vector
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Lentivector particles are generated by coexpressing the virion
packaging elements and the vector genome in 293T human
embryonic kidney cells, used as producer cells (7). In order to
produce recombinant lentiviral particles, 293T cells are transiently
cotransfected with:

Packaging plasmid (s). It encodes for elements required for vec-
tor packaging such as structural proteins and the enzymes that
generate vector particles. A single plasmid (CMV-dR8.74) —
second-generation packaging system —or two plasmids (pMDLg/
PRRE and pRSV.REV) — third generation — can be used.

Transfer vector plasmid. It is the only genetic material that
will be transferred to the target cells. It typically comprises
the transgene cassette flanked by cis-acting elements neces-
sary for its encapsidation as single-strand RNA, reverse tran-
scription and integration in the host cells.

Envelope plasmid pMD,VSV.G. It encodes for a G envelope
protein derived from a heterologous virus, vesicular stoma-
titis virus (VSV), characterized by high stability and broad
tropism for target cells.

This section reports the calcium phosphate-based protocol

used to cotransfect 293T cells with three — second-generation
packaging system — or four — third-generation plasmids. The entire
procedure should be performed under a laminar flow sterile hood.

1.

2.

24 h before transfection, seed 8 x 106293T cells in a 15-cm
dish in 22 mL of culture medium (see Note 8).

Change medium 2 h before transfection using IMDM
medium complemented with heat-inactivated FBS 10%, glu-
tamine, and antibiotics.

. Prepare the DNA plasmid mix by adding;:

(a) Packaging plasmid. 16.25 ug of CMV-dR8.74 or 12.5 ug
of pMDLg/pRRE +6.25 ug of pRSV.REV (see Note 9).

(b) Envelope plasmid. 9 ug of pMD,VSV.G.

(c) Transfer vector plasmid. 25 pg for transgene + promoter
length 1,500 bp 32 pg for transgene + promoter length
3,000 bp.

The plasmid solution is made up to a final volume of 1.125 mL

with 0.1x TE/dH,O 2:1. Finally, add 125 uL of CaCl, 2.5 M.
Leave the mix at room temperature for 5 min.

4. Add dropwise 1.250 mL of 2x HBS to the calcium chloride—

5.
6.

DNA solution while the tube is vortexing. Immediately, pipette
the new mixture (2.5 mL in total) and add it to the cell dish.

Gently swirl the dish.
Incubate cells at 37°C in a CO, incubator for 12-14 h.
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3.2.3. Concentration of
Lentiviral Vectors (Optional)

3.2.4. Recombinant
Adeno-Associated Virus
(rAAV)-Based Vectors

3.2.5. Generation of rAAV

7. Replace the medium using complete medium for virus
collection to begin.

8. Collect cell supernatant at 24 and 48 h after changing the
medium.

1. Collect the 293T cells supernatant, centrifuge at 200 x g for
5 min at room temperature, and filter the supernatant through
a 0.22-um pore filter.

2. Concentrate the conditioned medium by ultracentrifugation
at 50,000 x g for 140 min at room temperature.

3. Discard the supernatant by decanting and resuspend the pel-
let in a small volume (200 uL or less) of PBS containing 1%
(v/v) BSA. Pool in a small tube and rotate on a wheel for 1 h
at room temperature.

4. Subdivide in small aliquots (20 pL), store at —80°C, and titer
after freezing.

The methods so far presented are conceived to induce the (over)
expression of a specific gene transfecting or transducing the target
cells with the corresponding cDNA. In these systems, the expres-
sion is usually driven by an exogenous promoter placed upstream
of the cDNA.

In contrast, recombinant Adeno Associated Viruses (rAAVs)
are able to mediate homologous recombination between specific
sequences (homology arms, around 1,000 bp each) of their
genome and the corresponding sequences within the genome of
the transduced cell. This technique has been employed to intro-
duce single-nucleotide substitutions or deletions within a target
gene, preserving the general structure of the gene and allowing
the expression of the alterated allele to be controlled by the
endogenous promoter (3, 5). These viruses are able to induce
homologous recombination at high frequencies also in human
cells (homologous recombination occurs in around 1,/100 of the
cells in which the vector is stably integrated), making the method
also useful for human somatic cells.

Homology arms in the genome of the rAAV usually flank an
Antibiotic Resistance Cassette that allows the selection of the cells
in which the construct have been stably integrated. The locus-
specific recombination of the vector is then assayed by PCR-based
methods. An overview of the method is given in Fig. 2.

Adeno-associated virus-2 (AAV-2), a small single-stranded DNA
virus of the parvovirus family, is naturally replication-deficient, and
the productive infection requires provision of several factors in trans.
The production of viral particles relies on the cotransfection of:

e Recombinant vector, flanked by 2 Inverted Terminal Repeats —
ITR - containing all the cis-acting elements necessary for
replication and packaging.
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Fig. 2. Overview of the method used to transduce target cells by rAAV and to select recombinant clones.

* pHelper plasmid, carrying adenovirus-derived genes.

e pAAV-RC plasmid, carrying AAV-2 replication and capsid genes.
These three constructs, together, supply all of the factors

required for recombinant AAV replication and packaging in the

HEK293T cells.

The entire procedure should be performed under a laminar
flow sterile hood.

1. 24 h before transfection, seed in two 10-cm dishes
3.5x106293T cells for cach.

2. Change medium 2 h before transfection using IMDM
medium complemented with heat-inactivated FBS 10% (v/v),
glutamine, and antibiotics.

3. Prepare the DNA plasmid mix by adding;:
(a) Recombinant Vector 20 pg
(b) pHelper 20 pg
(c) pAAV-RC 20 ug

4. The plasmid solution is made up to a final volume of 900 uLL
with 0.1x TE/dH,O 2:1.

5. Finally, add 100 pL of 2.5 M CaCl,.

6. Leave the mix at room temperature for 5 min.
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3.2.6. Infection of Target
Cells

11.
12.

13.

14.

15.

16.

. Add dropwise 1 mL of 2x HBS to the calcium chloride-DNA

solution while the tube is vortexing. Immediately, pipette the
new mixture (2 mL in total) and add 1 mL of solution to each
of the two dishes.

. Gently swirl the dish.
. Incubate cells in a 37°C incubator for 14-16 h.
10.

Replace the medium using complete medium for virus collec-
tion to begin. Discard the medium as an infectious waste.

Return the plate to the 37°C incubator for an additional 48 h.

After the incubation, prepare a dry ice—ethanol bath and a
37°C water bath.

Collect cells from the plate by repeatedly pipetting vigorously
10 mL of IMBM growth medium on the monolayer while
holding the plate inclined. Transfer the transfected cells plus
IMBM growth medium to a 15-mL conical tube.

Subject the cell suspension to three rounds of freeze—thaw
cycle by alternating the tubes between the dry ice—ethanol
bath and the 37°C water bath, vortexing briefly after each
thaw. Each freeze and each thaw will require approximately a
10-min incubation time.

Collect cellular debris by centrifugation at 10,000x 4 for
10 min at room temperature.

Aliquot the supernatant (primary virus stock, also called rAAV
lysate) in sterilized cryovials (1 mL for each aliquot). Store
at -80°C.

. Day 1: Seed cells in a 10-cm dish to reach 60-80% confluence

at day 2.

. Day 2: Aspirate the media and add to the cells 20-200 pL of

rAAV lysate (see Note 10) mixed with 5 mL of the appropri-
ate growth media. The virus is allowed to infect cells at 37°C

for 4 h.

. After 4 h, add 5 mL of growth media to the cells.
. Day 3: After 16-h incubation, replace rAAV containing media

with fresh media.

. Day 5: Detach infected cells with 1 mL Trypsin 2.5%, EDTA 1%.

. Resuspend the detached cells in 10 mL serum-containing

medium.

. Transfer 5 mL of cell suspension to a sterilized reagent reservoir

and add 95 mL of complete medium containing the appropri-
ate antibiotic for selection (e.g., G418) (see Note 11).

. Seed the infected cells in five 96-well plates (200 pL/well)

using a 12-channel pipettor.

. Repeat steps 7 and 8 for the remaining 5 mL of cell suspension.



3.2.7. Selection of Cells
in Which the Construct
is Integrated

3.2.8. Screening
of Site-Specific
Recombinants
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. Drug-resistant colonies have to be selected for 2-3 weeks:

during the selection period, change the antibiotic-containing
media after time intervals suited for the used antibiotic (e.g.,
around 2 weeks for G418).

. To discard the medium, quickly invert the plate over the sink

and shake off the medium. Distribute 200 uL /well of fresh
medium containing antibiotics using a 12-channel pipettor.

. At the end of the period of selection, pool together resistant

colonies in new 96-well plates.

. Detach each resistant clone from the original well using 35 puL

of Trypsin—-EDTA, and transfer 10-15 uL of detached cell
solution to a new 96-well-plate containing complete medium
with a selection antibiotic (see Note 12).

. Detach each selected clone with 35 uL of Trypsin—-EDTA

(see Notes 13 and 14).

. Once cells are detached, mix Trypsin~EDTA by pipetting up and

down, and transfer 2 uL of detached cells-containing solution in
5 uL of Lyse and Go Lysis Buffer (for extraction of gDNA from
single clones). The Lyse and Go buffer should be previously ali-
quoted in 96-well PCR plates, and the cell suspension is directly
added to the buffer within the wells (see Note 15).

. Add 200 pL of serum-containing medium to the culture wells

still containing detached cells and place them back in the
incubator at 37°C.

. Perform the following thermal cycle program on cells + Lyse

and Go solutions:

Step Temperature (°C) Time (s)

1 65 30
2 8 30
3 65 90
4 97 180
5 8 60
6 65 180
7 97 60
8 65 60
9 80 300

. After thermal cycle program, add 25 pL of water to each

lysate well.

. Set up the PCR amplification on lysates using a primer that

anneals outside the homology region and another one that
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3.2.9. Confirmation and
Growing of PCR-Positive
Clones

anneals within the Selection Cassette. The PCR amplification
step should be performed in 96-well PCR plates. Perform the

following PCR protocol for each reaction:

10x PCR bufter-MgCl, (Invitrogen)
MgCl, 50 mM

DMSO

dNTPs 2.5 mM (each)

Primer F

Primer R

Water

Platinum Taq DNA Polymerase 5 U/l (Invitrogen
Cat.#11304-029)

Sample (lysate)

1 uL
0.3 uL
0.6 uL
1 uLl
1 pL
1 uL
3 uL
0.1 uL

2 ul.

ous reactions (see Note 16):

. Carry out the following touchdown PCR program on previ-

Temperature (°C) Time
1 step 94 120's
3 cycles 94 15s
64 30s
70 90's
3 cycles 94 15 s
61 30s
70 90 s
3 cycles 94 15s
58 30s
70 90's
35 cycles 94 15s
57 30s
70 90 s
Final 70 5 min
4 Forever

. Run 5 pL of PCR product by agarose gel electrophoresis.

A band of the expected size will point out clones in which

site-specific recombination may have occurred.

. Set up two further independent rounds of amplification on

PCR-positive cells using the same protocol and the same

primers used before.
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2. Grow up confirmed clones in 10-cm dishes and freeze.

. Confirm by sequencing of the genomic DNA locus the site-

specific integration of the construct.

4. Notes

10.

. The number of cells to be plated the day before transfection

should be adapted to the rate of growing of the specific cell
type employed. It is important to reach a confluency of
50-70% at the time of transfection.

. Concentration of the plasmid should be determined using

260 nm absorbance. High purity DNA (260,/280 nm
ratio = 1.8) increases the efficiency of the transtection.

. A fine precipitate covering the cells should be visible the day

after transfection.

. The use of Amphotericin B (fungizone) in the culture medium

should be avoided, as this can result in increased cytotoxicity
in the presence of liposomal agents.

. To obtain highest transtection efficiency and low cytotoxicity,

optimize transfection conditions by varying cell density as
well as DNA and Lipofectamine™ 2000 concentrations.
Increase cell confluency at more than 90% and vary DNA
(ug)- Lipofectamine™ 2000 (uL) ratio from 1:0.5 to 1:5.

. Depending on the resistance to the cytotoxicity induced by

the lipidic complexes, some cells can be also incubated over-
night to increase the DNA uptake.

. Optimize transfection conditions by varying DNA-FuGENE

ratio from 2:3 to 1:6.

. Use low-passage 293T cells (not more than P12-15). Do not

ever let the cells grow to confluency.

. Choose the packaging strategy (second or third generation)

based on the lentiviral transfer vector used. Lentivectors con-
taining a wt 5'LTR can be packaged only using the second-
generation packaging system. If you wish to use the
third-generation packaging system, you need to have a len-
tivector with a chimeric 5’'LTR (e.g., CCL-, RRL-, etc.) in
which the HIV promoter is replaced with CMV or RSV.

When a viral preparation is employed for the first time, the
optimal volume to be used for infection should be optimized.
Try different doses of the same preparation on separated cell
dishes. The optimal dose is the one producing a range of
100-300 resistant clones after antibiotic selection, with an
average of one colony for well.
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11.

12.

13.

14.

15.

16.
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Optimal concentration of selective antibiotic should be
determined for the considered cell line before the infection.
A standard killing curve should be performed, and the lowest
effective concentration should be employed for selection.

Resistant colonies should be detached and pooled just when
they reach 60-90% of confluence within the 96 well.

Processing of the cells in 96-well plates, as well as lysis and
PCR steps, should be performed using suited 12-channel
pipettors to expedite the procedure.

Different clones, growing in different wells, have to be main-
tained rigorously separated during the culture process. Also,
lysates and PCR reactions accounting for different colonies have
to be maintained separated. Avoid cross-contaminations between
different wells during the culture and the screening procedures!
Then, once pipettor tips touch cells or cell lysates, replace them
with new tips before proceeding to the next wells.

Maintain a strict correspondence of wells positions between
the 96-well cell culture plate and the corresponding 96-well
PCR plate during lysis and PCR processes. This is important
to go back to the positive cellular clone looking at the PCR
results.

The PCR program reported here is suitable for products around
1,000 bp, or even longer. For smaller PCR products, the pro-
gram should be adapted.
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Chapter 36

Drug Design and Testing: Profiling of Antiproliferative
Agents for Cancer Therapy Using a Cell-Based
Methyl-[3H]-Thymidine Incorporation Assay

Matthew Griffiths and Hardy Sundaram

Abstract

Drug design is an iterative process requiring cycles of compound synthesis and testing, with each successive
synthesis phase yielding molecules predicted to have improved characteristics over the previous set of
compounds. In the field of cancer drug discovery, a key early-stage element of the drug design and testing
process usually involves the screening of compounds in cell-based in vitro assays. One of the most frequent
parameters assessed in cancer drug discovery is the impact of a given molecule on the proliferation of a
cancer cell. The methyl-[ 3H]-thymidine incorporation assay is a widely used, gold standard, method for
measuring inhibition of cell proliferation and has been used successfully to screen and optimize potential
new cancer drugs. The assay is based on measuring incorporation of methyl-[ 3H |-thymidine (the radiola-
beled form of the DNA precursor thymidine) into the DNA of dividing cancer cells. The screen is used to
generate concentration effect relationships for test compounds and for the derivation of IC50 values. IC50
value is defined as the concentration of a test compound required to achieve half maximal inhibition of
methyl-[ 3H]-thymidine incorporation, a parameter that is indicative of antiproliferative potency. IC50
values derived from cell-based assays help drive the medicinal chemistry efforts toward improved drug
design, and it is, therefore, critical that the screen provides consistent, robust data over the lifetime of the
project — a requirement that necessitates good-quality cell culture practices. The methyl-[ 3H]-thymidine
incorporation assay has been adapted to high-throughput format to facilitate screening of large numbers
of compounds. The detailed description of this method, exemplified using the COLO-205 colorectal
cancer cell line in a 96-well format, should give the reader a thorough account of how to conduct prolif-
eration assays, as well as some notes and tips on how to ensure success and avoid potential pitfalls.

Key words: Structure—activity relationship, Proliferation assay, Methyl-[ 3H ]-thymidine incorporation,
Mitosis, COLO-205 cells

1. Introduction

Drug design and testing is a fundamental process in the discovery
of small-molecule drugs. The process often utilizes high-throughput
assays to support hit and lead optimization in medicinal chemistry

lan A. Cree (ed.), Cancer Cell Culture: Methods and Protocols, Second Edition, Methods in Molecular Biology, vol. 731,
DOI 10.1007/978-1-61779-080-5_36, © Springer Science+Business Media, LLC 2011
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projects. A typical drug design project may last up to several years
and involves the use of an enzyme or receptor assay as an initial
screen, followed by phenotypic assays to confirm activity of test
compounds on the molecular target in an intact cellular system. It
is critical that all screens are robust, generating consistent data
over the lifetime of the project. The type of screens used to sup-
port early stage drug discovery projects are tailored to the disease
area and molecular target under interrogation. This process gen-
erates structure—activity relationships (SAR), allowing the medici-
nal chemist to optimize molecules to address a specific molecular
property such as cellular potency, efficacy, selectivity, solubility,
etc.

One aim of cancer drug discovery is to assess the impact of a
molecule on the proliferation of cancer cells. The methyl-[3H]-
thymidine incorporation assay is used as an indicator of cellular
proliferation and is particularly attractive for screening antimitotic
agents for cancer, e.g., identifying inhibitors of the Aurora and
Polo-Like kinases. Methyl-[3H]-thymidine is a radiolabelled
DNA precursor incorporated into newly synthesized DNA dur-
ing S-phase of the cell cycle (1, 2). The amount of incorporated
methyl-[ 3H ]-thymidine is related to the rate of proliferation; the
higher the rate, the higher the signal detected using a scintillation
counter. An inhibitor of proliferation (e.g., an antimitotic anti-
cancer agent) will decrease the methyl-[3H]-thymidine signal
compared to untreated cells. The methyl-[ 3H]-thymidine incor-
poration assay is a powerful and robust method for identifying
antiproliferative agents and has been used successfully to screen
and optimize potential new drugs (3-5). The success of cell-based
screens such as the methyl-[ 3H |-thymidine incorporation assay is
highly dependent on the quality of the cell culture methods
employed. We describe in detail the methodologies required for
performing a high-throughput (96-well) cell-based methyl-[3H]-
thymidine screen using the colorectal cancer cell line COLO-205.
This screen has been used to optimize Aurora kinase inhibitors, a
novel class of antimitotic agents currently being evaluated in clini-
cal trials (6). Following an iterative drug design and testing pro-
gram, inhibitors of Aurora kinase were synthesized with
improvements in cellular potency using the COLO-205 prolifera-
tion assay (7).

2. Materials

The methodologies described below have been optimized for the
human COLO-205 cancer cell line. However, these procedures
can also be applied to several adherent and nonadherent cell lines,
following optimization for the particular cell type of interest (see
Note 1).



2.1. Cell Lines

2.2. Gell Culture
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2.3. Gell Counting
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Preparation
for Screening

2.5. Methyl-[3H]-
Thymidine Assay
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. COLO-205 cells were obtained from the Health Protection

Agency Culture Collections (HPACC), Salisbury, UK (for-
merly ECACC).

. Alternative cell line depositories include the American Type

Culture Collection (ATCC), Manassas, USA, and the German
Collection of Microorganisms and Cell Cultures (DSMZ),
Braunschweig, Germany.

. Complete cell culture medium for COLO-205 cells consisting

of RPMI-1640 (SIGMA), 2 mM r-glutamine (SIGMA),
Penicillin (100 U/mL) /streptomycin (100 g /mL) (SIGMA),
and 10% fetal bovine serum (SAFC) (see Notes 2 and 3).

2. Dulbecco’s phosphate-buffered saline (PBS from SIGMA).

O 0 NN O

. Trypsin (1x) (SIGMA).

. T-175 cm? sterile polystyrene surface-treated culture flasks

(Corning).

. 96-Well sterile polystyrene surface-treated culture plates with

lids (Corning).

. 50 mL Sterile “Falcon” tubes.

. Sterile pipettes — 2—, 5—, 10—, 25—, and 50 mL.

. Sterile pipette tips.

. 12-Channel multichannel pipettor, e.g., Finnpipette.
10.
11.

Virkon antiviral and antibacterial disinfectant (Invitrogen).

Automated liquid aspirator/dispenser, e.g., Pipetboy
(Invitrogen).

. Beckman Coulter Vi-CELL (Beckman, High Wycombe,

UK).

. Disposable counting pots (Beckman, High Wycombe, UK).

. Reference compounds (see Note 4):

Doxorubicin hydrochloride (SIGMA).

cis-Diammineplatinum(II) dichloride (SIGMA) — Dissolved
in PBS.

Etoposide (SIGMA).

. DMSO (SIGMA) (see Notes 5 and 6).
. 96-Well sterile polypropylene plates with lids (Corning).

. Dedicated tray for radioactive use (with disposable cover).
. Methyl-[ 3H]-thymidine, 370 GBq/mM, 1 mCi/mL (Perkin

Elmer, MA, USA) (see Note 7).

. Complete cell media (see Subheading 2.2).
. Eppendorf Multipette.
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. Sterile Eppendorf Biopur Combitips (50 uL. — Eppendorf,

Cambridge, UK).

. Trypsin (10x) (SIGMA).

. GF /P30 Filtermat (Perkin Elmer, MA, USA).

. TomTec Cell harvester (TomTec, CT, USA) (see Note 8).
. MeltiLex solid scintillant (Perkin Elmer, MA, USA).

10.
11.
12.
13.
14.

Wallac MeltiLex Heat Sealer (Perkin Elmer, MA, USA).
Plastic sample bag (Perkin Elmer, MA, USA).

Bag HeatSealer (Perkin Elmer, MA, USA).

MicroBeta Filtermat cassette (Perkin Elmer, MA, USA).

MicroBeta liquid scintillation counter (Perkin Elmer, MA,
USA).

3. Methods

3.1. Protocols for
Growth and Passage
of GOL0-205 Cells

in Gell Culture

Several distinct steps are required to screen for potential antimi-
totic agents using the methyl-[3H]-thymidine incorporation
assay. This section describes detailed protocols for each successive
stage of the procedure, including methods for (1) culturing and
plating COLO-205 cells, (2) assay optimization and validation,
and (3) screening compounds.

Good cell culture practices are key to establishing a stable assay
(see Notes 9 and 10).

1.

3.

4.

Culture cells in T-175 c¢m? flasks containing 40 mL of media
(RPMI-1640, 10% FCS, penicillin/streptomycin) in log
phase for at least two doubling times (see Note 11). Check
that the cells are healthy and contamination free.

. Remove cell culture medium to a 50 mL Falcon and pellet the

cells by centrifugation at 200 x g for 5 min. Discard the super-
natant and resuspend the cell pellet in 10 mL of fresh media.

Add 10 mL of PBS to remaining cells in the T-175 cm? flask;
swirl the contents and discard PBS.

Add 5 mL of trypsin to the flask. Thoroughly distribute the
trypsin across all cells by gently rocking or swirling the flask.
Briefly, return flask to incubator to allow the cells to detach.
Lightly tap the flask on each side to disperse the cells and
check that the cells have detached from the flask. Add 15 mL
of fresh media to inactivate the trypsin and resuspend the cells
by repeatedly pipetting up and down with a 5- or 10-mL
pipette. Check that a single-cell suspension has been achieved
using a microscope (see Note 12).



3.2. Protocols
for Counting Cell
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and Measuring
Cell Viability

3.3. Protocol for
Optimizing COLO-205
Cell Seeding Densities
to Ensure Log-Phase
Growth

5.
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Pool the cells from both the suspension and adherent frac-
tions and count cell number and measure percentage viability.
Cells can be subcultured at an appropriate ratio, depending
on when the cells will be required. Typically, COLO-205 cells
are split twice a week at ratios ranging from 1:8 to 1:12.

Counting and viability measurement of COLO-205 cells can be
done using an automated Vi-CELL counter. The Vi-CELL uti-
lizes algorithms to identify and count images of live and dead
cells, which have been exposed to the cell-impermeable dye, try-
pan blue. In cases where an automated method of cell counting is
not available, a standard hemocytometer-based manual method
can be used.

1.

Ensure that cells are in the form of a single-cell suspension.
Low levels of clumping can be removed by repeated drawing
of the cells through a 5— or 10-mL pipette.

. Measure out approximately 400 uL of cell suspension into a

single counting tube. Place tube in the Vi-CELL carousel.

. Register the sample for counting on the Vi-CELL by select-

ing the correct program, carousel position, and dilution
range. The settings for each cell line should be carefully cho-
sen to reflect differences between different cell lines, e.g., size
range (upper and lower) and density (see Note 13).

. Count the sample. Monitor whether the machine is correctly

discriminating between live and dead cells and whether the
sample is a single-cell suspension. Repeat the process with an
alternative dilution if the resulting cell number is not within
the recommended range. Replicate samples are not required
as both the percentage viability and the total cell count are
derived from an average of 50 independent counts.

. Prepare a single-cell suspension and measure cell counts/

viability as discussed in Subheading 3.2.

. Dilute cells to 160,000 cells/mL in complete media. Add

200 pL of cells to the top row of a 96-well plate. Aliquot
100 pL of complete media into all other wells. A small num-
ber of media-only control wells are required on each plate to
act as a blank.

. Repeatedly, dilute the cell preparation 1 part in 2 down the

plate using a 12-well channel pipette, i.e., 100 pL cells added
to 100 uL media in the row below. Then, add 50 puL of com-
plete media to all wells. Cover the plate (see Note 14).

4. Incubate the plate overnight at 37°C, 5% CO, (see Note 15).

. Add 50 pL of fresh media to the plate wells to achieve a final

volume of 200 pL and incubate for 96 h at 37°C, 5% CO,,.



456 Griffiths and Sundaram

3.4. Protocol
for Plating Cells
for Screening (Day 1)

3.5. Protocol

for Preparing Test
and Control
Compounds (Day 2)

Exponential Death
phase phase

90000 -
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Methyl-[3H]-thymidine
incorporation
(CPM)

Fig. 1. Example log growth curve for COL0-205 cells. Two distinct phases of cell growth
can be observed: exponential growth at low cell densities (<2,000 cells per well) and
poor growth at higher seeding densities. Optimal incorporation of methyl-[3H]-thymidine
is observed at 1,000 cells per well.

6. Measure methyl-[3H]-thymidine incorporation as described
in Subheading 3.6.

7. Plot log cell number against methyl-[ 3H ]-thymidine incor-
poration (CPM) to identify the concentration of cells at which
log growth is achieved (Fig. 1) (see Notes 16 and 17).

Optimal incorporation of methyl-[ 3H ]-thymidine is observed
at 1,000 cells per well.

1. Prepare a single-cell suspension and measure cell counts/
viability as discussed in Subheadings 3.1 and 3.2.

2. Dilute cells to 6,667 cells/mL in complete media. Add
150 pL of cells to columns 1-11 of a sterile 96-well tissue
culture treated plate. This will result in 1,000 cells per well
(the optimal cell number as determined in Subheading 3.3).
The last column (12) is left blank as a control (Fig. 2) (see
Notes 18 and 19).

3. Incubate the plate overnight at 37°C, 5% CO,.

This protocol is designed to produce an eight-point, concentra-
tion—effect curve. To achieve complete dose-response curves,
compounds are typically screened from a final concentration of
20 uM and diluted 1 part in 5 across eight concentrations to give
a final lowest concentration of 0.256 nM.

Dependent on the nature of the target or the compound, the
serial dilutions or starting concentrations may need to be varied.
Each compound is screened in duplicate. A typical plate layout is
shown in Fig. 2 (see Note 20).
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Fig. 2. Generic plate plan for a typical screen. Compounds are arranged in duplicate, with the highest concentrations
(typically 20 uM) in row A and the lowest concentration in row H.

3.6. Generic Protocol:
Methyl-[3H]-Thymidine
Assay of COL0-205
Proliferation (Day 6)

1.

Dilute compound stock in media. For a 20 uM starting con-
centration, dilute 8 uL. of 10 mM stock compound in DMSO
in 1 mL of warmed fresh complete media (1 part in 125 dilu-
tion). This produces an 80 uM stock in media.

. Dispense 200 pL of top concentration (80 uM) compound

into the top two wells of a 96-well polypropylene plate (see
Note 21).

. Add 160 pL of complete media to all other wells.
. Remove 40 pL from the top well with a 12-well pipette and

add it to 160 pL in the well below. Repeatedly dilute the
compound preparation 1:5 down the plate.

. Dispense 50 pL of sample from the compound dilution plate

into the cell plate. This further dilutes the compound 1 part
in 4 to provide a top final concentration of 20 UM in the
assay.

. Incubate for 96 h at 37°C, 5% CO.,,.

. Dilute methyl-[3H]-thymidine to 7.4 GBq/mM in complete

media.

. Remove cell plates from incubator and dispense 25 pl. of

diluted methyl-[3H]-thymidine into each well using a
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3.7. Data Analysis

3.7.1. Assay Robustness

Multipette stepper dispenser. This will achieve approximately
0.5 pCi per well. Replace lid (see Note 22).

3. Incubate for 4-8 h, 37°C, 5% CO, in an incubator designated
for radioisotope work.

4. Harvest the cells onto a GF /P30 Filtermat using the cell har-
vester (see Note 23). The filters are prewashed once with de-
ionized water and then washed three times further with the
same, following capture of the cell particles on the filtermat.

5. Dry the filtermat at 50°C, 1 h.

6. Melt a MeltiLex solid scintillant strip onto the filtermat using
the MeltiLex Heat Sealer.

7. Seal the filtermat into a sample bag with a plastic heat sealer.
Cut off excess plastic.

8. Place the sealed bag containing the filtermat into a cassette and
read the counts per minute (CPM) in a scintillation counter.

Assay robustness should be assessed using a number of methods
prior to establishing a routine screen. Typical parameters include
(1) determining percent coefficient of variance (%CV) for reference
compound IC50 values to ensure reproducibility across multiple
screens (described in more detail in Subsection 3.7.3) and (2)
assessing signal-background ratio and Z-prime (Z'), which pro-
vides an indication of overall assay performance. Once the screen is
validated and runs routinely, these parameters are also used as qual-
ity-control measures (see Note 24). Total uptake (or incorpora-
tion) of methyl-[3H]-thymidine is typically in the range of
30,000-50,000 CPM, while the background levels (no cells) are
less than 20 CPM. This particular assay generates a signal-back-
ground ratio of approximately 2,500:1, which is calculated by
dividing the total radioactivity bound to the filter in the presence of
COLO-205 cells by the total radioactivity bound to the filter in the
absence of cells. However, absolute CPM values will vary depend-
ing on the methyl-[ 3H ]-thymidine incubation time (the longer the
samples are left, the more radioactivity is incorporated). Thus,
although the signal-background ratio historically has been used as
an indicator of assay performance, this value is potentially subject
to day-to-day variation (see Note 25). The Z-prime (Z") calculation
has been widely adopted in recent years to assess assay performance
(8). The Z' is a dimensionless number between 0 and 1 and is
defined from the mean and standard deviations of both the positive
and negative controls. In the specific case of the methyl-[3H]-
thymidine proliferation assay, the Z’ value is calculated as follows:

r_1- (3 X SDcpy_py +3 % SDCPM—FU)

Z ,
(MeanCPM—TU - MeanCPM—FU )

(1)




3.7.2. Generation of IC50
Values

Drug Design and Testing 459

where SD =standard deviation, CPM-TU = CPM values for total
methyl-[ 3H ]-thymidine uptake in the absence of test compound,
CPM-FU=CPM values for methyl-[ 3H]-thymidine binding to
filters. Values between 0.5 and 1 can be interpreted as good for
use as an assay. Assays with Z' values between 0.3 and 0.5 are
marginal and require further work to minimize variability (8).
Typically, the Z’ value for a COLO-205 proliferation screen in
our hands is 0.7-0.9.

The main objective of the studies outlined above is to generate
1C50 values for test compounds. These values are used as an indi-
cator of antiproliferative potency, an important parameter for
generating SAR. Data are expressed as % specific thymidine incor-
poration for each inhibitor concentration as follows:

%Incorporation=100 x
CPM (inhibitor concentration)— CPM (non - specific binding to filter)
CPM (total binding to filter)— CPM (non - specific binding to filter)

Conversion of the raw data to % values corrects for interplate
variation, e.g., when comparing raw data for the same compounds
across different plates and, furthermore, provides a more uniform
way of presenting data during the lifetime of a drug design and
testing project. The % values are then plotted against test com-
pound concentration to yield concentration—effect curves. IC50
values are determined using a software package such as GraphPad
Prism by applying the four-parameter logistic equation to gener-
ate sigmoidal curves (Fig. 3).

125 —
B Etoposide
100 - A Doxorubicin
. .g 5 V¥ Cisplatin
S8 75—
£ES
ELe
o Q 50—
-
25 —
0 —
0.0001 0.001 0.01 0.1 1 10 100

Compound (uM)

Fig. 3. Sigmoidal concentration—effect curve for control compounds tested on COL0-205
cells. See Table 1 for IC50 values.
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Table 1

IC50 values generated for control compounds using the methyl-[3H]-thymidine

proliferation assay

Coefficient of
I1C50 value (uM) Standard deviation (SD) variance (% CV)
Etoposide 0.467 (n=4) 0.071 15
Cisplatin 1.050 (n=4) 0.078 7
Doxorubicin 0.008 (#=3) <0.001 2

n represents the number of independent experiments for each control

3.7.3. Effect of Reference
Compounds

and Establishing SAR

to Support Drug Design
Efforts

The potency of a selection of reference compounds
(Subheading 2.4) to inhibit COLO-205 cell proliferation is
shown in Table 1. For routine screening, at least one reference
compound should be included in each 96-well plate to ensure
consistency and reproducibility. The percent coefficient of vari-
ance (%CV, defined as SD/mean x 100) for reference compounds
should be as low as possible and the assays in which the reference
compound deviates from the typical IC50 range should be
rejected (see Note 24). Monitoring of reference compound IC50
values over different experiments for several months will help
identify potential drift in assay performance — an effect that, if not
identified early, will be damaging to the drug design efforts, since
the resulting SAR may be misleading.

Data analysis and the determination of IC50 values from a
large number of compounds constitute a time-consuming process
(e.g., usually greater than 30 compounds are tested in a typical
screen). Consequently, it is helpful to automate the process by
utilizing databases capable of integrating the large datasets that
can be produced from a full drug-discovery program, e.g.,
Genedata Screener (Genedata AG), ActivityBase (IDBS), or MDL
Assay Explorer (Elsevier-MDL).

4. Notes

1. Care should be taken when selecting an individual cell line for
a specific screen. The choice should be based on numerous
factors such as relevance to disease area, target expression levels,
availability of complementary assays used to support the proj-
ect (e.g., viability assays), cell doubling time, and relevance of
the assay for assessing potential patient populations (responder
profiling). These factors can highlight a number of different
cell lines that may require further testing to decide which
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particular cell line is selected. As cell lines have different
growth attributes, they all require individual characterization
of factors that affect the assay such as doubling time, plating
density, intrapassage variability, etc.

. Different batches of serum can alter the growth characteris-
tics of cells. Test the growth of cells in different batches of
serum (some vendors will provide serum batches for evalua-
tion prior to purchase) and ensure that sufficient stocks of an
individual batch are secured purely for screening.

. Regularly check for the presence of mycoplasma contamina-
tion. There are numerous tests that offer an accurate and
rapid detection of mycoplasma in cultured cell media.

. Choose readily available reference compounds that give
robust, easily interpretable curves and obtain them in suffi-
cient quantities to complete the screening campaign. Controls
must always be run to assess both the intra- and interplate
variability.

. DMSO is used as a universal solvent to dissolve both reference
and test compounds. It is easiest to prepare a stock dilution
plate of test compounds in media, although in circumstances
where compounds are poorly soluble in media an intermediate
dilution step in DMSO may be required. DMSO stocks are
stored at —80°C at 10 mM. Minimize the number of freeze—
thaw cycles for each stock by preparing all stocks as single-use
aliquots.

. DMSO can affect cell growth from levels as low as 0.2%. Test
the DMSO tolerance of each cell line and include a DMSO
dilution curve in each screen.

. Methyl-[ 3H]-thymidine emits low-energy beta particles as it
decays with a physical half-life of 12.3 years. No shielding is
required other than standard personal protective equipment
(PPE) as the maximum range in air is 6 mm. However, since
methyl-[3H |-thymidine is a DNA precursor and may cause
damage if ingested, it is important that the local radioactivity
rules are followed at all times.

. Alternative 96-well harvesters include instruments from
Brandell and Packard. The TomTec system described in this
chapter has been used in our laboratory for several years and
has the advantage that waste radioactivity can be flushed
directly into the sink, without any manual intervention.

. Safety considerations for the growth and culture of cell lines:
Suitable PPE should be used at all times. All cell-culture work
should be performed within a safety cabinet appropriate to
the cell line classification, e.g., Class II. It is important to
maintain a sterile working environment through aseptic tech-
niques: single-use plastic pipettes, decontamination of work
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10.

11.

12.

13.

14.

surfaces and equipment with alcohol (e.g., 70% ethanol). All
biological waste should be disposed of in accordance with
local rules, e.g., autoclaving of solids and treating liquid waste

with bleach.

Cell-culture procedures for efficient storing of cancer cell
lines are described elsewhere. The procedures described in
Subheading 3.1 assume that cells have been thawed and
transferred to cell culture for a few initial passages. Check
cell-line growth regularly and discard cell batches if the
behavior deviates from normal. COLO-205 cells are “semi-
adherent” and have a doubling time of approximately 25 h.
The passaging procedures for COLO-205 cells are tailored
to maintain the mixed adherent/suspension phenotype. The
IncuCyte microscope (Essen Instruments) can be used to
noninvasively monitor growth kinetics of cells growing on
any clear plasticware, e.g., T-175 cm? flasks and is a useful
tool for maintaining cells.

Prolonged passaging can alter the growth characteristics of
COLO-205 cells. It is a good practice to define acceptable
limits for culturing cancer cells; in the case of COLO-205s,
these cells are grown for 15 cell passages after thawing. In
our hands, cells grown within this passage range have
behaved consistently in the methyl-[ 3H]-thymidine incor-
poration assay. A further tip to maintain consistency of data
is to minimize the number of different batches of COLO-
205 cells used. This can be achieved by freezing a large
number (e.g., >30) of cell-line stocks under liquid nitrogen
to last the duration of the screening campaign. Large vol-
umes of viable cells can easily be prepared and frozen into
multiple aliquots. Check that these cells recover rapidly after
thawing and are viable.

Minimize the amount of time that the cells are in contact
with trypsin. Some cell lines may require trypsin—-EDTA for
rapid detachment, while others will detach in EDTA alone.

Automated cell counting machines, e.g., Beckman Coulter
Vi-CELL (High Wycombe, UK), offer a significant advan-
tage over manual counting with a hemocytometer. In partic-
ular, the counting criteria are defined and used throughout a
screening campaign by many different operators, thus remov-
ing the subjective element involved in manual cell counting.
The COLO-205 counting parameters are as follows: size
range 5-50 um, cell brightness 85, cell sharpness 100, viable
spot brightness 75%, and viable cell spot area 5%. The opti-
mum counting range for the Vi-CELL is between 0.2 and
5.0x 109 cells/mL.

This produces a 1:2 cell titration from 16,000 cells per well
down to 125 cells per well. In most cases, this is sufficient to
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identify the optimal cell seeding concentration for the
proliferation assay.

The overnight incubation allows the cells to adhere to the
surface of the 96-well plate and to resume normal growth and
proliferation.

Choosing a time point for an end-point assay requires a num-
ber of scientific and practical factors to be taken into consid-
eration, for example, the length of time it takes for inhibition
of the molecular target to impact the cellular readout, signal
to noise for the readout, and the number of screens to be run
each week. To observe inhibition of proliferation, measure-
ments should be taken at least after one doubling time: In the
case of COLO-205 cells, the time course studies showed that
time points greater than 48 h were suitable. We decided to
use a 96 h incubation time as we were combining our assay
with other screens that required a 96 h incubation period.
However, both 48 and 72 h have produced good, quality
results.

Using this procedure, the optimal cell density in our hands
for COLO-205 cells is 1,000 cells per well for a 96-h incuba-
tion assay. Given that cell growth conditions can vary from
lab to lab, it is advisable that this parameter is determined
independently for each laboratory. For adapting the methyl-
[3H]-thymidine uptake assay for other cell lines, cell titra-
tions should be repeated for each individual cell type, as the
growth and proliferation characteristics of individual cells can
vary dramatically.

Pipette cells carefully to avoid bubbles forming in the well.
This does not affect cell proliferation but can impact on the
addition of compound.

Plating large numbers of cells can be rapidly achieved with an
automated liquid dispenser, e.g., Multidrop (Thermo
Labsystems). The protocols described in Subheadings 3.4
and 3.5 are suitable for transferring to liquid handling robots,
e.g., Beckman, Caliper, PAA, and Tecan systems.

Five compounds in duplicate can be independently screened
per plate across ten columns of a 96-well plate. The remain-
ing wells are used as plate controls, both positive controls
(cells alone with no compounds) and negative (no cells).

Check that the compound does not precipitate out of the
solution after initial dilution into media and after long-term
exposure on cells. Compound precipitation can be easily
observed with a bright-field microscope at 20x or 40x mag-
nification, often as either a high density of punctate speckles
or alternatively as larger classical crystals. The formation of
precipitate will affect the available concentration of free com-
pound and should be noted. Prewarming all media to 37°C



before diluting compounds can reduce the issues with
solubility. If this cannot be overcome, then an intermediate
dilution curve can be performed in DMSO (or other solvent)

Place a small radioactive spill tray covered with a disposable
insert in the class II hood. Swab both the tray and surrounding
hood to check for potential contamination after each proce-
dure. Local radioactivity rules must be followed at all times.

COLO-205 cells are a semiadherent cell line and therefore do
not require a pretreatment step with trypsin to dislodge the
cells from the 96-well plate. If other adherent cells are used in
this protocol, then typically the cells will require trypsiniza-
tion prior to cell harvesting. Remove media and add 50 pL of
trypsin 10x (SIGMA) to each well. Incubate at 37°C for
10 min. Then, harvest cells onto a filtermat.

Reference compound IC50 values are generated during the
assay development phase (i.e., prior to routine screening) and
compared to values reported in the literature (if available).
Ciriteria used for defining acceptable IC50 values for reference
compounds can vary depending on the nature of the assay
and the rules or preferences employed by the investigator. In
order to ensure reproducibility, it is common practice in our
laboratory for an additional investigator to independently
perform the screen to assess overall consistency in the IC50
values generated. In the case of the methyl-[ 3H ]-thymidine
assay, a threefold variation in IC50 value for reference and
test compounds is within the typically observed range.
Variations of threefold and above should be cause for concern

Fluctuations in CPM values from screen to screen or unex-
pectedly low CPM values may be indicative of problems such
as low initial seeding density, culture contamination, or poor
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prior to dilution in media.
22.
23.
24.
and further investigation.
25.
viability of cells.
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Chapter 37

Feeder Layers: Co-culture with Nonneoplastic Cells

Celine Pourreyron, Karin J. Purdie, Stephen A. Watt,
and Andrew P. South

Abstract

Maintenance of a mitotically inactive feeder layer which is able to provide extracellular matrix and growth
factors can be critical in establishing and maintaining primary tumor cells. How feeder cells are handled
and processed is crucial for providing trouble-free support for primary tumor cells and spontancously

immortalized lines.

Key words: 3T3 cells, Feeder cells, Feeder layer, Co-culture

1. Introduction

Feeder layers have long been used for the effective cultivation of
primary cells such as epidermal keratinocytes (1) and more
recently to support embryonic stem cells (2). Although serum-
free, feeder layer free, cell systems have been developed, many
laboratories still choose to use feeder cells to support growth and
long-term maintenance of primary cells (3). We have used 3T3
feeder layers to effectively support the initial growth of cutaneous
squamous cell carcinoma cells which eventually become feeder-
independent after a number of passages. The feeder layer also
inhibits the proliferation of isolated fibroblasts which have the
potential to contaminate and outgrow primary keratinocyte cul-
tures. The method described here is based on the pioneering
work of Rheinwald and Green (1). Originally, a clone of Swiss
3T3 cells, J2, was selected for its ability to provide optimal sup-
port of keratinocyte growth when used as a feeder layer. However,
J2 3T3 cells are hard to come by and NIH 3T3 or Balb/C 3T3
lines work adequately (4). Essentially 3T3 cells are mitotically
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inactivated, either chemically or by irradiation (see Note 1). The
cells survive for a short period of time during which they are able
to provide extracellular matrix and growth factor support for the
mitotically active primary cells.

2. Materials

1. 3T3 medium: Dulbecco’s Modified Eagle’s Medium (DMEM)
with l-glutamine, 4,500 mg/L d-glucose, 110 mg/L sodium
pyruvate (GIBCO/Invitrogen Ltd, Paisley, UK. Cat. No.
41966-029) supplemented with 10% newborn calf serum
(NCS, GIBCO/Invitrogen Ltd, Paisley, UK).

2. 1x Trypsin/EDTA solution (GIBCO /Invitrogen, Paisley, UK).
3. Mytomycin C (light sensitive) (2 g, Sigma-Aldrich, Poole, UK).

4. NALGENE Cryo 1°C Freezing Container, “Mr. Frosty”
(Thermo Fisher Scientific, Loughborough, UK).

3. Methods

Cultivation of 3T3 Cells

1. On receipt of 3T3 cells they should be rapidly expanded and
aliquots frozen down for future use. Cells should be frozen at
106 or 2 x 10° cells/mL in 90% NCS/10% dimethylsulfoxide
as a cryo-preservant. Freezing is best achieved at a rate of -1°C/
min at —-80°C with the aid of a cryo freezing container before
transfer to liquid nitrogen. 3T3 cells should be maintained in
culture for 8—-12 weeks and should not be continuously cul-
tured for longer period as they have a tendency to lose con-
tact inhibition and transform or senesce and no longer provide
adequate primary cell support.

2. 3T3 cells are grown in 3T3 medium at 37°C in a 5% CO,
incubator. Cells are disaggregated by incubation with trypsin/
EDTA solution at 37°C for 5 min or until the cells are visibly
rounded and can be easily detached from the culture dish.
The cells are routinely split 1:5 two to three times a week.

Preparation of Feeder Layer: Mitomycin C

1. Adherent cells are incubated with 7 ug/mL mitomycin C for
3—4 hat 37°Cin a 5% CO, incubator. Cells are then washed
three times, harvested with a centrifuge at 500 x4 and plated
at a density of 10 cells /100-mm flask.
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Preparation of Feeder Layer: Irradiation

1. Cultures are detached and collected by incubation with

trypsin/EDTA solution at 37°C for 5 min in a 5% CO, incu-
bator and harvested in a centrifuge at 500 x g.

2. Detached cells are irradiated with 6,000 rad (cobalt®®) and

plated at a density of 10 cells/100-mm flask (see Note 2).

Removing Feeder Layers

1. 2-3 days postplating 3T3 feeders will lose their ability to sup-

port primary cells (see Notes 3 and 4). Spent feeders can be
removed by incubation with EDTA solution at 37°C in a 5%
CO, incubator.

. Freshly seeded feeders may take longer period to remove

using EDTA or may need a weak trypsin/EDTA solution for
2-3 min. Care is needed not to remove primary cells if trypsin
is used.

4. Notes

. It is important to mitotically inactivate 3T3 cells efficiently.

Mitotic 3T3 cells can quickly outgrow primary cultures and
can be near impossible to remove without single cell cloning.
Once 3713 cells transform they become resistant to mitomycin
C treatment and irradiation at the stated doses. It is important
to grow 3T3 cells in 3T3 medium as the presence of FBS and
growth factors will encourage transformation. Transtformation
can be observed after the loss of contact inhibition, the for-
mation of foci, high proliferation, and smaller morphology.
Figure 1 depicts foci forming 3T3 cells after continuous
growth in keratinocyte medium.

. Feeders can be stored in suspension at +4°C for up to 48 h

after preparation but the length of time they can support
primary cultures will be reduced.

. The number of feeders needed to support primary keratino-

cyte growth is dependent on keratinocyte density. 313 cells
are seeded at a maximum density of 106 cells/100-mm flask
but as the keratinocytes proliferate, this number can be
reduced. When keratinocyte cultures are over 70% confluent,
teeders can be removed. The keratinocytes will then reach
100% confluence in 2448 h.

. Determining whether neoplastic cells are feeder-independent

is a process of trial and error and is very much cell line-dependent.
In many cases, feeder cells may continue to stimulate cell pro-
liferation even when a line has lost its absolute requirement
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Fig. 1. 373 feeders can transform in culture over time. Examples of mitomycin C respon-
sive 3T3 cells (top panel) compared with mitomycin unresponsive 3T3 cells (bottom
panel). Unresponsive 3T3 cells lose contact inhibition and increase proliferation.

for their presence. As a rule, once the tumor cells are growing
well, cultures are split into flasks with and without feeders.
Feeder-dependent cultures are apparent after 24 h culture on

plastic alone.
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Xenotransplantation of Breast Cancers

Massimiliano Cariati, Rebecca Marlow, and Gabriela Dontu

Abstract

Three experimental systems based on mouse models are currently used to study breast cancer: transgenic
mice, carcinogen-induced models, and xenografts of breast cancers. Each of these models has advantages
and limitations. This chapter focuses on xenotransplantation of breast cancers and reviews the techniques
used so far in establishing this model, the advantages and limitations compared to other experimental
systems, and finally, the technical questions that remain to be answered.

Key words: Breast cancer, Xenografts, Xenotransplantation, Animal models

1. Introduction

Animal models have contributed significantly to our understand-
ing of breast development and breast cancer biology. The unique-
ness of animal models lies in the ability to reproduce to some
extent the systemic and local environment of the developing
mammary gland or tumour. The presence of the endocrine,
immunologic, and stromal context provides the ideal setting for
the study of developmental stages of mammary gland formation,
especially thanks to a unique feature of mammary gland growth;
postnatal development (1, 2). Animal models have also been
instrumental in developing new therapeutic strategies, particu-
larly in understanding host-related pharmacologic/pharmacoki-
netic effects (1).

The gold standard for the in vivo study of mammary develop-
ment is represented by the “cleared mammary fat pad” transplan-
tation, a technique routinely used since the pioneering work of
Deome and colleagues (3). In the fourth abdominal mammary fat
pad of the 3-week-old mouse, the mammary epithelium is still
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Fig. 1. Clearing of the mouse mammary fat pad. In pubescent (3-week-old) female mice,
the developing duct tree does not extend past the lymph node into the fourth pair of
mammary fat pads. Removal of the triangular area (shadowed), delineated by the nipple,
the junction of lymph node and blood vessel, and the blood vessel and the edge of the
fat pad, towards the ventral bridge between the two 4th pads (indicated witharrows
A-C). Removal of this area is done by careful excision. The remaining fat pad tissue

represents the “cleared” mammary fat pad into which cells can be transplanted without
interference from the host’s mammary gland.

concentrated in the nipple area and it has not grown yet beyond
the mammary lymph node (Fig. 1). This allows the fat pad to be
“cleared” by surgically removing the area from the nipple to the
lymph node, therefore leaving the fat pad free of endogenous
epithelium. Transplantation of cells in limiting dilutions in the
cleared fat pad has become a key assay for measuring in vivo cell
proliferation potential in mammary stem cell biology (4). This
model was instrumental in validating the phenotype associated
with mammary stem cells of mouse and human origin (5-10).
Three experimental systems based on mouse models are cur-
rently used to study breast cancer: transgenic mice, carcinogen-
induced models, and xenografts of breast cancers. Each of these
models has advantages and limitations. This chapter focuses on
xenotransplantation of breast cancers and reviews the techniques
used so far in establishing this model, the advantages and limita-
tions compared to other experimental systems, and finally, the
technical questions that remain to be answered.
The transplantation of human established cell lines and
tumour samples into immunodeficient mice (xenografting) has
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the advantage of using material originating from clinical samples
and has become gold standard for the study of tumour progres-
sion and the development of therapeutic strategies (1).

In order to achieve successful xenograft survival, the mouse
immune system has to be suppressed to prevent a reaction against
allogenic antigens. To achieve this immunosuppression, muta-
tions at approximately 30 loci have been shown to reduce immune
function in mice (11). The immunodeficient mouse strains most
commonly used to generate hosts for xenografting are nude (nu),
beige (bg), severe combined immunodeficiency (scid), and
X-linked immunodeficiency (xid) (Table 1). More recently NOD /
scid (non-obese diabetic scid) and NOG mice (NOD /Shi-sczd/
IL-2Ry™") mice were increasingly used in xenotransplantation
studies. The success rate of xeno-engraftment is considerably
increased in these mice. In NOG mice, all tumour subfractions
appear to have similar tumorigenic potential, at least for certain
cancers, particularly melanoma (12).

Human tumour xenografts can be generated through several
different approaches. The most commonly and successtully explored
utilizes the injection of established human breast cancer cell lines,
re-suspended in suitable media, metatopically (subcutaneous) or
orthotopically (in the mammary fat pad). The mammary fat pad
provides an orthotopic site that is readily accessible. Orthotopically
implanted tumours seem to display a more biologically relevant
phenotype and a better model for drug testing. (13, 14). During
the late 1970s, studies using direct tumour implantation into

Table 1

Strains of mice used xenotransplantation of breast cancers

Strain Inbred/outbred Mutation Deficit Reference

Balb/c Nude Inbred Nu T-cell (25)

Nu/nu Outbred Nu T-cell (26)

NIH-III Outbred Nu/bg/xid T-cell, NK, B-cell (27)
immaturity

SCID Inbred SCID B-cell, T-cell (28)

SCID beige Inbred SCID/bg B-cell, T-cell, NK (27)

NOD/SCID Inbred NOD/SCID B-cell, T-cell, less “leaky” (29)
mutants

NOG Inbred NOD /Shi-scid/  T-cell, B-cell, NK; (30)

IL-2Rynut macrophage and
dendritic cell dysfunc-

tion, no leakiness
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nude mice resulted in xenografts that were able to grow and pre-
serve the characteristics of the original tumour such as histologi-
cal traits and enzymatic electrophoretic patterns (15). Recent
studies demonstrate that global expression profiles and global
genomic aberrations are also conserved (16, 17).

Since the preliminary work by Outzen and colleagues, who
were the first to achieve survival of primary breast cancer xeno-
grafts in nude mice (18), much progress has been made towards
increasing reproducibility and success rates of engraftment (17,
19-22).

The cleared/ humanized mammary fat pad model has proven
to be the most successful in producing consistent rates of tumour
engraftment: ~20% for xenografts that can be passaged more than
five times and ~40% for xenografts with limited proliferation in
the fat pad. The advantage of this technique over other approaches
is the applicability to studies on normal human mammary epithe-
lium. In light of these considerations, we choose this model to
describe this model in this chapter.

2. Materials

Tissue procurement and handling:

1. Tissue transport medium (DMEM /F12 +5% FBS +5 pug/mL
insulin+0.5 pg/mL  hydrocortisone and  penicillin/
streptomycin).

2. Sterile containers of appropriate volume — 50 mL tubes.

3. Ice container.

Tumour dissociation:

1. 60 mm Tissue culture dish; 250 mL Erlenmeyer flask (tissue
dissociation flask, Stemcell Technologies); Sterile scalpel
blades (number 10 and number 15); and 100 pum cell
strainers.

2. EpiCult-B medium, Collagenase/Hyaluronidase 10x solu-
tion (Stemcell Technologies).

3. Matrigel (BD Biosciences), phosphate-buffered solution
(PBS).
4. Freezing medium (RPMI 1640, 15% foetal bovine serum,
and 5% DMSO).
Mammary fat pad clearance and humanization:
1. Dissecting scissors, scalpels, fine forceps, trocars, and sterile
swabs (Fine Science Tools or Stoelting).

2. 0.5 mg 90-day release oestrogen pellets (Innovative Research
of America).
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. Cork board and surgical tape.

. Hypnorm, Midazolam, and Vetergesic.

. Surgical adhesive, surgical clips, and clip applicator.

. Hamilton syringes and 1 and 0.3 mL insulin syringes.

. Human mammary fibroblasts — untreated and irradiated.

. Ear tags (National Brand and Tag Company).

3. Methods

Tissue procurement and handling:
1.

Tumour tissue is procured following the Ethical Committee
or Institution Review Board regulations for research in human
subjects.

. Initial dissection of specimens must be carried out using ster-

ile instruments in a containment cabinet with laminar air-flow.
The tumour fragment procured should ideally be representa-
tive of the entire tumour. The sample is transferred to a 50 mL
falcon tube in 5 mL transport medium, stored on ice, and
transported as fast as possible to the laboratory to be
processed.

Tumour dissociation:

1.

Under a containment cabinet, the tumour tissue sample
is transferred to a sterile 60 mm tissue culture dish containing
3 mL Epicult-B Medium. Using two number 10 or 15 sterile
blades, tumour sample is minced to as fine a grain as possible.
This will speed up the enzymatic phase of tissue digestion,
therefore increasing cell viability at the end of the
procedure.

. The tumour mince is transferred to a 250 mL tissue dissocia-

tion flask. The remaining tissue in the culture dish is rinsed
with 2 mL Epicult-B Medium and added to the tissue
dissociation flask. The final volume of the tumour mince sus-
pension should be 9 mL. One millilitre of 10x Collagenase/
Hyaluronidase mixture is then added to the tissue dissocia-
tion flask.

. The flask is sealed with aluminium foil and parafilm and trans-

ferred to a rotary shaker/incubator (previously set at 37°C
and 80 rpm) and incubated for 15-60 min until no visible
lumps are present. The tumour digestion mixture is trans-
terred to a 50 mL falcon tube and triturated using a blunt
18-gauge needle and a 10 mL syringe, until the mixture flows
freely. The enzymatic solution is then inactivated by adding
0.5 mL of foetal bovine serum.
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4. The digested mixture is sieved through a 100-pum cell strainer

sieve into a fresh 50 mL falcon tube. The strained cell suspen-
sion is then centrifuged at 300 x g for 5 min. The supernatant
is discarded and the cell pellet washed with pre-warmed PBS
(37°C).

. If at the end of step 4 a large quantity of tissue has not filtered

through the cell strainer, the mixture is transferred back to
the tissue dissociation flask and steps 2—4 are repeated until
most of the tissue has been successfully dissociated.

. Cells are counted and cell viability assessed using a haemocy-

tometer and vital stain, e.g. Trypan Blue.

. The cell pellet is re-suspended, together with a mixture of

2.5x10° unirradiated and 2.5x10° irradiated (four grey)
human mammary fibroblasts (see Note 1), in a 1:1 solution
of PBS and Matrigel™. Depending on the number of cells to
be implanted, concentration of cells is adjusted so the total
volume to be injected is 50-100 pL. Typically, for establish-
ing a new xenograft from a clinical sample, at least 5x10°
tumour cells or 5x 10* normal mammary epithelial cells are
needed. It is important to change the medium immediately
after irradiation of fibroblasts and perform the irradiation
2-3 h before they are used for humanization.

Mammary fat pad clearing and humanization of the mouse
mammary fat pad:

1. 21-Day-old immunodeficient female mice are anaesthetized

by intra-peritoneal injection of a solution of Hypnorm
(Fentanyl-Fluansione — 0.4 mL/kg) and Diazepam or
Midazolam (5 mL/kg). Typically, a 15 g female mouse will
require 10 pLL/g of a solution made of three parts: water for
injection, one part Hypnorm, and one part Midazolam.

. The abdominal region and hindquarters of the mouse are

shaved using dedicated hair clippers, the mouse is laid ventral
side up and paws are taped onto cork board, and the abdomi-
nal skin is prepared using a non-alcoholic disinfectant, e.g.,
Tricine or Betadine.

. The abdominal wall is picked up on the mid-line using a pair

of fine rat-tooth forceps and a small incision is performed,
using fine dissecting scissors, through the skin and subcutaneous
tissue. This incision is then extended on the mid-line towards
the thorax and on both sides towards the hindquarters, so as
to create a reverse-Y incision.

. Using blunt dissection or a sterile swab, the skin and subcu-

taneous layer are separated from the abdominal wall bilater-
ally, therefore exposing the fourth mammary fat pads and
rudimental glands. The Y-shaped convergence of mammary
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fat pad vessels and the mammary lymph node are easily visual-
ized at this point (Fig. 1).

. The part of the fat pad that contains mammary ducts is situ-

ated medially to the lymph node. This part is excised carefully
without removing lymph node, in order to avoid lymphoe-
dema (Fig. 1). Also, resecting the femoral vein should be
avoided in order to prevent unnecessary significant bleeding.
This dissection is then repeated on the contra lateral side.

. The remaining fat pad is lifted using a pair of smooth forceps,

and a suspension of 2.5x 10° irradiated (4 Gy) and 2.5x10°
non-irradiated human fibroblasts (total volume 50-100 pL)
is injected (with care to avoid rupturing the connective tissue
surrounding the fat pad) using a Hamilton or Insulin syringe
depending on the volume.

. The incision is closed using three surgical clips (one for each

arm of the incision) and surgical adhesive. A 0.5 mg 90-day
release oestrogen pellet (Innovative Research of America) is
inserted subcutaneously in the back of each animal using a
trocar. Analgesia is administered by subcutaneous injection of
100 pL ofa 4.2 pg/mL solution of Buprenorphine. Mice are
transferred to a warm post-operative chamber to prevent
hypothermia and allowed to recover (see Notes 2—4).

. A single cell suspension of primary breast cancer cells obtained

as described in the “Tumour dissociation” protocol is re-sus-
pended in a 1:1 mixture of PBS and phenol-red-free Matrigel,
aiming to achieve a concentration of 107 cells/mL. The total
volume should not exceed 100 pL. This is mixed with 100,000
irradiated and non-irradiated human fibroblasts suspended in
1:1 PBS:Matrigel at approximately 10° cells/mL.

. The above cell suspension must be kept on ice at all times, to

prevent Matrigel jellification.

. Minimum 14 days should be allowed after mammary fat pad

clearance and humanization. For xenotransplantation, female
mice are anaesthetized via an IP injection of Hypnorm/
Midazolam as described in the previous protocol.

. Following induction of anaesthesia, a reverse Y-shaped inci-

sion is made ventrally through skin and subcutaneous tissue
in order to expose the humanized fat pads.

. Humanized fat pads are picked up with a pair of smooth for-

ceps and 50-100 pL of the previously prepared cell suspen-
sion is injected into each fat pad, with care to avoid rupturing
the surrounding connective tissue.

. The incision is closed using three surgical clips (one for each

arm of the incision) and surgical adhesive. Analgesia is



478 Cariati, Marlow, and Dontu

3.2. Re-passaging
of Established
Xenografts

administered by subcutaneous injection of 100 pL of a
4.2 pg/mL solution of Buprenorphine. Mice are ear tagged
to allow identification and transferred to a warm post-operative
chamber to prevent hypothermia and allowed to recover.

. Maintenance of an in vivo breast cancer xenograft model

involves re-implantation of the tumour into further genera-
tions of animals, once a tumour has reached its maximum
allowed size. Once a tumour has reached 10-15 mm in its
greatest diameter, mice are humanely killed using an appro-
priate method.

. Using a ventral incision identical to the one described previ-

ously, tumours are dissected and excised whole. Part of the
specimen is fixed and stored according to the specific research
aims of the study (i.e. in 4% formalin for future histopatho-
logical analysis, snap-frozen by dipping in liquid nitrogen, or
in RNAlater, etc.). The rest of the specimen is transferred to
tissue transport medium and stored on ice for transfer to the
laboratory.

. Tumour samples are dissociated following the same steps

described in the dissociation of primary tumour specimens
(steps 1-0). Typically, xenograft samples will be easier to dis-
sociate than primary tumours and hence will require shorter
enzymatic dissociation times (20-30 min).

. Following digestion, xenografts are immediately re-established

by injecting the above cell suspension in humanized mam-
mary fat pads using the procedure and method described in
Subheading 3.1.

. Typically, take rate and growth rate of re-passaged xenografts

improve when compared with those of the first-generation
tumours (see Notes 5 and 6).

4. Notes

. Typically, immortalized mammary fibroblasts are used for

humanization of the fat pad, in order to facilitate standardiza-
tion of experiments. Such lines immortalized by stable expres-
sion of telomerase and labelled by GFP expression have been
used in several studies (22-24). Kuperwasser and colleagues
also used an HGF overexpressing line of fibroblasts, which
appears to stimulate the growth of epithelial cells (22).
Irradiation of fibroblasts is similarly presumed to stimulate
the growth of the epithelium through secretion of growth
factors post-irradiation. One precaution regarding this



Xenotransplantation of Breast Cancers 479

protocol is related to transformation of the fibroblasts lines,
which occurs after multiple passaging in vitro. This will lead
to in vivo growth of sarcomas, which will frequently over-
grow breast tumours. Fibroblasts should be maintained in
high-density cultures and at passage numbers below 15.

. Xenografting of human mammary epithelium, either normal
or malignant, can be performed 2—4 weeks after clearing and
humanization. Whereas humanization is necessary to support
the growth of the normal mammary epithelium, engraftment
of tumours does not always depend on it. Successful tumour
xenografting was obtained without humanization and in
metatopic implantation (16, 17). No study has been pub-
lished so far, directly comparing the engraftment success of
the same breast tumours, in fat pads with and without human-
ization. Comparing success rates reported by different groups,
using different strains of mice, different breast tumours, and
procurement of samples (biopsy cores, post-surgery frag-
ments, before after therapy, and primary or metastatic lesions)
and different technical protocols (with and without oestro-
gen pellet implantation, with and without clearing and/or
humanization, single cell suspensions versus tumour mince or
fragments, and orthotopic versus metatopic), the only factor
that increases the success of engraftment is the strain of mice.
NOG mice appear to develop tumours in 40% of cases,
whereas all the other strains develop tumours in 10-20% of
cases.

. The proliferation of normal mammary epithelium is depen-
dent on humanization of the fat pad and the implantation of
oestrogen pellets. Several investigators have reported, how-
ever, that oestrogen pellets may lead to slower growth of both
ER-positive and ER-negative tumours. Taking into consider-
ation that the majority of ER-positive tumours will originate
from post-menopausal women, women under preventive
hormonal therapy or women who had neo-adjuvant hor-
monal therapy, the use of oestrogen pellet may not model the
hormonal milieu in human patients. Moreover, the levels of
circulating oestrogen in mice are not monitored and may be
higher than that in pre-menopausal women. It is possible that
oestrogen levels reach those levels used therapeutically in
breast cancers (a therapeutic intervention used before the
introduction of tamoxifen). We, and others, also observed the
loss of ER-positivity in xenografted tumours, after the first
implantation or after several passages.

. The use of slow release oestrogen and progesterone pellets or
pellets with more than 0.5 mg 90-day release may lead to
genito-urinary side effects, sometimes severe enough to
require euthanasia.
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5. Advantages of the orthotropic xenograft model:

(a)

The xenograft model is the experimental system that
closely recapitulates the in vivo complexity and natural
environment of human normal or malignant mammary
epithelium.

For studies regarding therapeutics, pharmacokinetic/
pharmacodynamic considerations can be included in the
study.

Cancer cells do not have an evolution in vitro, which can
introduce artificial constraints and changes. At low pas-
sage, cancer cells will have a short history out of the nat-
ural human environment.

6. Limitations of the orthotropic xenograft model:

(a) Establishing this model is technically challenging, costly,
and time and effort consuming, particularly due to the
low rate of success.

(b) Using this model relies on the availability of clinical

samples.

(c) The histoclinical heterogeneity of breast cancers may not
be reflected in the tumours, due to bias in success of
engraftment in favour of more aggressive cancers.

R.M. is supported by the Breakthrough Breast Cancer Research Unit,
Guy’s Hospital, King’s Health Partners, AHSC, London, UK.
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Formulations of Commonly Used Cell Culture Media

Appendix A

Medium BME DMEM Iscove’s Ham’s RPMI Medium
(component) (mg/L) (mg/L) DMEM (mg/L) F12 (mg/L) 1640 (mg/L) 199 (mg/L)
Calcium chloride 200 200 165.3 33.3 - 139.6
Calcium nitrate-4H,0O - - - 100 -
Cupric sulfate-5H O - - - 0.0025 - -
Ferrous sulfate.7H,0 - - - 0.834 - -
Ferric nitrate-9H,0 - 0.1 - - - 0.72
Magnesium sulfate 97.67 97.67 97.67 57.6 48.84 97.67
(anhydrous)
Potassium chloride 400 400 330 224 400 400
Potassium phosphate - - - - — 60
monobasic
Potassium nitrate - - 0.076 - 2,000 -
Sodium acetate - - - - - 50
(anhydrous)
Sodium bicarbonate* 2,200 3,700 3,024 1,176 6,000 2,200
Sodium chloride 6,800 6,400 4,505 7,599 800 8,000
Sodium phosphate 122 109 109 142.04 = 47.88
monobasic
(anhydrous)
Sodium selenite - - 0.017 - - -
Zinc sulfate-7H,0 - - - 0.863 - -
L-Alanine - - 25 9 - 25
(continued)
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Medium BME DMEM Iscove’s Ham’s RPMI Medium

(component) (mg/L) (mg/L) DMEM (mg/L) F12 (mg/L) 1640 (mg/L) 199 (mg/L)
L-Alanyl-L-Glutamine®* - - - - 434 .4 70
L-Arginine-HCl 21 84 84 211 200 =
L-Asparagine-H,O - - 28.4 15.01 50 -
L-Aspartic acid - - 30 13.3 20 30
L-Cysteine- HCLH,O 0 0 0 0 0 0.11
L-Cystine-2HCI 15.65 30 91.24 35 65.2 26
L-Glutamic acid 0 0 75 14.7 20 66.8
L-Glutamine® 292 584 584 146 300 100
Glycine 0 0 30 7.51 10 50
L-Histidine (free base) 8 105 42 20.96 15 21.88
Hydroxy-L-proline = = = = 20 10
L-Isoleucine 26 105 105 3.94 50 20
L-Leucine 26 1,460 105 13.1 50 60
L-Lysine-HCI 3647 - 146 36.5 40 70
L-Methionine 7.5 66 30 4.48 15 15
L-Phenylalanine 16.5 42 66 4.96 15 25
L-Proline - - 40 34.5 20 40
L-Serine - 95 42 10.5 30 25
L-Threonine 24 16 95 11.9 20 30
L-Tryptophan 4 103.79 16 2.04 5 10
L-Tyrosine- 2595 94 103.79 7.78 28.83 57.66
2Na-2H,0
L-Valine 235 - 94 11.7 20 25
Ascorbic acid-Na 0 0 0 0 0 0.0566
D-Biotin 1 4 0.013 0.0073 0.2 0.01
Calciferol 0 0 0 0 0 0.1
Choline chloride 1 4 4 13.96 3 0.5
Folic acid 1 72 4 1.32 1 0.01
Menadione (sodium 0 0 0 0 0 0.016
bisulfite)
myo-Inositol 2 4 7.2 18 35 0.05
Niacinamide 1 4 4 0.037 1 0.025
Nicotinic acid 0 0 0 0 0 0.025
p-Aminobenzoic acid 0 0 0 0 0 0.05
p-Pantothenic acid 1 - 4 0.48 1 0.01

(hemicalcium)

(continued)
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Medium BME DMEM Iscove’s Ham’s RPMI Medium
(component) (mg/L) (mg/L) DMEM (mg/L) F12 (mg/L) 1640 (mg/L) 199 (mg/L)
Pyridoxal-HCI 1 4 4 - 0.25 0.025
Pyridoxine-HCI - 0.4 - 0.062 1 0.025
Retinol acetate 0 0 0 0 0 0.14
Riboflavin 0.1 4 0.4 0.038 0.2 0.01
pL-Tocopherol 0 0 0 0 0 0.01

phosphate-Na
Thiamine-HCl 1 - 4 0.34 1 0.01
Vitamin B12 - 4500 0.013 1.36 0.005 -
Adenine sulfate - - - - - 10
Adenosine - - - - - 1

triphosphate-2Na
Adenosine - - - - - 0.2385

monophosphate-Na
Cholesterol - - - - - 0.2
Deoxyribose - - - - - 0.5
D-Glucose 1,000 15.9 4,500 1,802 2,000 1,000
HEPES - - 5,958 - - -
Hypoxanthine = = = 4.08 = 0.3
Glutathione (reduced) - - - - 1 0.05
Guanine-HCl 0 0 0 0 0 0.3
Linoleic acid - - = 0.084 = =
Phenol red-Na* 11 110 16 1.3 5.3 21.3
Putrescine-HCI — - — 0.161 - -
Pyruvic acid-Na - - 110 110 - -
Polyoxyethyle- = = = = = 20

nesorbitan

monooleate

(TWEEN 80)
Ribose - - - - - 0.5
Thioctic acid - - - 0.21 - -
Thymidine = = = 0.73 = =
Thymine - - - — — 0.3
Uracil - - - - - 0.3
Xanthine-Na - - - - - 0.344

*May be left out if desired






Appendix B

Human Cancer Cell Lines Available from the ATGC and DSMZ

The list below is not exhaustive, but gives a brief guide to some of those lines available
from the ATCC and DSMZ. The ATCC (http://www.atcc.org) holds over 950 cancer
cell lines (all species) while the DSMZ (http://www.dsmz.de) currently lists 657 human
cancer cell lines. Most variants are not included.

Bladder cancer 5637 Hs 172.T JMSU-1 SW-1710
647-V Hs 195.T KU-19-19 T-24
BC-3C Hs 228.T RT-112 TCC-SUP
BFTC-905 HT-1197 RT-4 UM-UC-3
CAL-29 HT-1376 SCaBER VM-CUB1
ECV-304 J82 SW 780

Breast cancer BT-20 HCC1395 Hs 319.T Hs 748.T
BT-474 HCC1419 Hs 329.T Hs 841.T
BT-483 HCC1500 Hs 343.T Hs 849.T
BT-549 HCC1569 Hs 344.T Hs 851.T
CAL-120 HCC1599 Hs 350.T Hs 861.T
CAL-148 HCC1937 Hs 362.T Hs 905.T
CAL-51 HCC1954 Hs 371.T HT 762.T
CAL-85-1 HCC202 Hs 479.T JIMT-1
COLO-824 HCC2157 Hs 540.T MCE-7
DU4475 HCC2218 Hs 566(B).T MDA-MB-453
DU-4475 HCC38 Hs 574.T MFM-223
EFM-19 HCC70 Hs 578T MT-3
EFM-192A HDQ-P1 Hs 588.T NCI-H548
EFM-192B Hs 190.T Hs 605.T UACC-812
EFM-192C Hs 255.T Hs 606 UACC-893
EVSA-T Hs 274.T Hs 739.T
HCC1143 Hs 280.T Hs 741.T
HCC1187 Hs 281.T Hs 742.T

Cervical cancer C-4 1 4510 BT-B Hela S3
C-411 C-33 A Hela Hl1HelLa
DoTc2 SiHa Hel.a 229 SISO

(continued)
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Colorectal
cancer

Endometrial
cancer

Gastric

Glioma

Kidney

Leukemia/
lymphoma

SW837
C2BBel

Caco-2

CL-11

CL-14

CL-34

CL-40
COLO-206F
COLO-320DM

COLO-320HSR

COLO-678

KLE
HEC-1-A
HEC-1-B

23132/87
AGS

42-MG-BA
8-MG-BA
Al72
CCE-STTG1
DBTRG-05MG
DK-MG

786-0O
769-P
A-498

380

697
ALL-SIL
AML-193
AP-1060
ARH-77
BC-1

BC-2

BC-3
BCP-1
BD-215
BE-13

BL-2

BL-41
BL-70
BLUE-1
BONNA-12
BV-173
CA-46
CCRF-CEM
CCRF-HSB-2
CCRE-SB
CESS

CI-1

CMK

DLD-1
HCT-116
HCT-15
HCT-8 (HRT-18)
Hs 200.T
Hs 207.T
Hs 219.T
Hs 257.T
Hs 587.Int
Hs 675.T
LOVO

RI95-2
AN3-CA
EN

Hs 740.T
MKN-45

GAMG
GMS-10
GOS-3
H4

Hs 683
LN-18

A704
ACHN

HD-MY-Z
HEL

HH
HL-60
HNT-34
HPB-ALL
Hs 313.T
Hs 445
Hs 491.T
Hs 505.T
Hs 518.T
Hs 602
Hs 604.T
Hs 611.T
Hs 616.T
Hs 751.T
Hs 777.T
HSB-2
HS-Sultan
HT

HT 1417
HuT 102
HuT 78
IM-9
J.CaM1.6

Hs 722.T
HT-29

LS 174T
LS 180
LS1034
LS123
LS411N
LS513
NCI-H498
NCI-H508
NCI-H716

EFE-184
MEFE-280
MFE-296

RE-1
SNU-1

LN-229
LN-405
MO059]
MO059K
SNB-19
SW 1088

Caki-2
CAL-54

LAMA-84
LAMA-87
LOUCY
M-07e
MC-116

ME-1

MEC-1
MEC-2
MEG-01
MHH-CALL-2
MHH-CALL-3
MHH-CALL-4
MHH-PREB-1
ML-2

MN-60

Mo-B
MOLM-13
MOLM-16
MOLM-20
MOLM-6
MOLT-13
MOLT-14
MOLT-16
MOLT-17
MOLT-3

NCI-H747
SNU-C2A
SNU-C2B
SW1116
SW1417
SW1463
SW403
SW48
SW480
SW9438
WiDr

MEFE-319

SW 1783
T98G
U-118-MG
U-138-MG
U-87-MG

SW 156
SW 839

REH
RI-1

RO

ROS-50
RPMI 6666
RPMI-8402
RS4;11
SC-1

SD-1

SEM

SET-2

SH-2

SHI-1
SIG-M5
SKM-1
SK-MM-2
SKW-3
SPI-801
SPI-802
SR-786
SU-DHL-1
SU-DHL-10
SU-DHL-16
SU-DHL-4
SU-DHL-5

(continued)
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Liver

Lung

CML-T1
CRO-AP2
CRO-AP3
CRO-AP5
CRO-AP6
CTV-1
DAUDI
DB

DEL
DERL-2
DERL-7
DG-75
DND-39
DND-41
DOGKIT
DOGUM
DOHH-2
EB-1
EB-3
EHEB
EM-2
EM-3
EOL-1
E-36P
FKH-1
GA-10
GDM-1
GE-D8
GRANTA-519
GUMBUS
H9
HAL-01
HC-1
HDLM-2
RL

HEP-3B
Hep G2
SK-HEP-1

A-427
A-549
BEN
CAL-12T
COLO-699
CPC-N
DMS 114
DMS 53
DMS 79
DV-90
EPLC-272H
H-1184
H-1339
H-1963

J.RT3-T3.5
J45.01
JEKO-1
JIYOYE
JIN-3

JK-1
JURKAT
JURL-MK1
JURL-MK2
JVM-13
JVM-2
JVM-3
K-562
KARPAS-1106P
KARPAS-231
KARPAS-299
KARPAS-422
KARPAS-45
KARPAS-620
KASUMI-1
KASUMI-2
KCL-22
KE-37

KG-1
KM-H2
KMOE-2
KOPN-8
KU-812
KYO-1
L-1236
L-363

L-428

L-540

L-591

L-82

SNU-398
SNU-449

HCC-44
HCC-78
HCC-827
Hs 229.T
Hs 573.T
Hs 618.T
LCLC-103H
LCLC-97TM1
LOU-NH91
LXF-289
NCI-H1373
NCI-H1395
NCI-H1417
NCI-H1435

MOLT-4
MONO-MAC-1
MONO-MAC-6
MOTN-1
MUTZ-2
MUTZ-3
MUTZ-5
MV4-11
NALM-1
NALM-19
NALM-6
NAMALWA
NB-4
NC-37
NK-92
NOMO-1
NTERA-2
NU-DHL-1
NU-DUL-1
OCI-AML2
OCI-AML3
OCI-AMLS5
OCI-LY-19
OCI-M1
OCI-M2
P12-ICHIKAWA
PEER
PE-382
PL-21
PLB-985
RAJI
RAMOS
RCH-ACV
RC-K8
REC-1

SNU-182
SNU-475

NCI-H2342
NCI-H2347
NCI-H1703
NCI-H1734
NCI-H1793
NCI-H1836
NCI-H1838
NCI-H1963
NCI-H1975
NCI-H2066
NCI-H2073
NCI-H2085
NCI-H2126
NCI-H2135

SU-DHL-6
SU-DHL-8
SUP-B15
SUP-HD1
SUP-M2
SUP-T1
SUP-T11
TALL-1
TANOUE
TE 161.T
TE 175.T
TF-1
THP-1
TMM
Toledo
TOM-1
TUR
U-2932
U-2940
U-2973
U-698-M
U-937
U-HO1
ULA

UT-7

VAL
WILL-1
WILL-2
WSU-DLCL2
WSU-EFSCCL
WSU-NHL
YT

SNU-387
SNU-423

NCI-H23
NCI-H2444
NCI-H292
NCI-H358
NCI-H510A
NCI-H520
NCI-H522
NCI-H596
NCI-H810
NCI-H82
NCI-N417
SCLC-21H
SCLC-22H
SHP-77

(continued)



490 Appendix B

Melanoma

Myeloma

Ovary

Pancreas

Prostate

Sarcoma

H-209
H-2171
HCC-15
HCC-33
HCC-366

Al01D
A-375

C32

COLO 829
COLO-679
COLO-783
COLO-800
COLO-818
COLO-849
G-361

Hs 432.T

AMO-1
EJM
KMS-12-BM

Caov-3
COLO-704

BxPC-3
CAPAN-1
CAPAN-2
DAN-G
HPAC
HPAF-II

22Rvl

A-204
A-673
C-433
CADO-ES1
CAL-72
CAL-78
ESS-1
G-292
G-402
HOS

Hs 127.
Hs 132.T
Hs 14.T
Hs 15.T
Hs 184.T
Hs 188.T
Hs 295.T
Hs 3.T
Hs 357.T
Hs 387.T
Hs 39.T

NCI-H1563
NCI-H1581
NCI-H1651
NCI-H1672
NCI-H1688

Hs 600.T
Hs 688(A).T
Hs 839.T
Hs 852.T
Hs 906(A). T
Hs 906(B).T
Hs 908.Sk
Hs 934.T
Hs 935.T
Hs 936.T
Hs 939.T

MOLP-2
KMS-12-PE
LP-1

ES-2
EFO-21

HUP-T3
HUP-T4
KCI-MOH1
MPanc-96
PaCa-2

Panc 02.03

DU-145

Hs 704.T
Hs 706.T
Hs 707(A).T
Hs 729

Hs 729.T
Hs 735.T
Hs 737.T
Hs 755(B).T
Hs 778(A).T
Hs 778(B).T
Hs 781.T
Hs 792(B).T
Hs 805.T
Hs 811.T
Hs 814.T
Hs 821.T
Hs 822.T
Hs 846.T
Hs 856.T
Hs 863.T
Hs 864.T

NCI-H2170
NCI-H2172
NCI-H2227
NCI-H2228
NCI-H2286

Hs 940.T
HT-144
IGR-1
IGR-37
IGR-39
1IPC-298
Malme-3M
MEL-HO
MEL-JUSO
RPMI-7951
RVH-421

MOLP-8
OPM-2
NCI-H929

EFO-27
FU-OV-1

Panc 02.13
Panc 03.27
Panc 08.13
Panc 10.05
PANC-1
PA-TU-8902

LNCAP

Hs 889.T

Hs 890.T

Hs 926.T

Hs 93.T

Hs 94.T

Hs 941.T

HT 728.T

HT-1080

KHOS /NP

KHOS-2408

KHOS-321H

MES-SA

MES-SA/Dx5

MES-SA/MX2

MG-63

MHH-ES-1

MNNG/HOS
Murphy

R-970-5

RD

RD-ES

SK-LU-1
SK-MES-1
SW 1271
SW 1573
SW 900

SK-MEL-1
SK-MEL-24
SK-MEL-28
SK-MEL-3
SK-MEL-30
SK-MEL-31
SK-MEL-5
WM-115

RPMI 8226
U266

Hs 38.T
Hs 571.T

PA-TU-8988S
PA-TU-8988T
P1A45

YAPC

PC-3

SAOS-2
Saos-2
SJSA-1
SK-ES-1
SK-LMS-1
SK-UT-1
SK-UT-1B
SW 684
SW 872
SW 982
T1-73
TC-71
TE 125.T
TE 149.T
TE 159.T
TE 381.T
TE 417.T
TE 418.T
TE 441.
TE 617.T
TE-671
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Hs 5.T
Hs 51.T
Hs 57.T
Hs 63.T
Hs 701.T

Hs 866.T
Hs 870.T
Hs 871.T
Hs 88.T

Hs 883.T

RH-1
RH-18
RH-30
RH-41
S-117

TO 203.T
U-2 OS
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