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Basic Principles of Cancer Cell Culture

Simon P. Langdon

1. Introduction
Cell culture is practiced extensively throughout the world today. The techniques

required to allow cells to grow and be maintained outside the body have been devel-
oped throughout the 20th century. In the 50 years since the publication of the first
human cancer cell line, HeLa (1), thousands of cell lines representing most of the
spectrum of human cancer have been derived. These have provided tools to study in
depth the biochemistry and molecular biology associated with individual cancer types
and have helped enormously in our understanding of normal as well as cancer cell
physiology. Although some caution is required in interpreting data obtained by study-
ing cells in vitro, it has allowed investigation of a complex disease such as cancer to be
simplified to its component parts. The aim of this chapter is to introduce some of the
basic concepts involved in the practice of cell culture.

2. Evolution of Cancer Cell Culture
The science of cell and tissue culture has evolved steadily throughout the last cen-

tury and its origins can be traced back to 1885 (see Table 1).
In that year, Wilhelm Roux reported that the medullary plate of a chick embryo

could be maintained in saline solution for several days. Many of the early experiments
used material derived from amphibians as it was cold blooded and often demonstrated
tissue regeneration. In 1887, Arnold demonstrated that frog lymphocytes could migrate
and survive in saline. Soon after, in 1898, the first experiment using human tissue was
reported when Ljunggren showed that human skin could survive in vitro if placed in
ascitic fluid. With the turn of the century, longer culture experiments were attempted
and in 1903, Jolly was able to maintain salamander leukocytes in vitro for a month.
However, despite these early experiments, it is Ross Harrison who is generally regarded
as the “father” of tissue culture. Harrison explanted tissue from frog embryos into frog
lymph clots and the fragments of tissues not only survived but nerve fibres grew from
the cells (2). These experiments were fundamental in showing continuation of function
in vitro and also in establishing a general technique of tissue culture. This technique
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was developed further by Montrose Burrows, who replaced lymph clot with plasma
clot, and by Alexis Carrell who showed that embryo extracts had useful growth pro-
moting activities and could aid growth within culture (3,4).

In 1911, Warren Lewis began studies to identify factors required for growth in
culture, and by 1914 Losee and Ebeling were culturing cancer cells. The first continu-
ous rodent line was generated by Wilton Earle in 1943 at the National Cancer Institute
and this investigator is credited with being the first to grow cells on glass and from
single cells (5). In 1951, George Gey developed the first human cancer continuous cell
line, HeLa, and this cell line is still used extensively today (1,6). The 1950s and 1960s
were marked by detailed studies by a host of investigators, including Eagle, Fischer,
Parker, Healy, Morgan, White, and Waymouth, defining the nutritional requirements
of cells in culture leading to the development of the media in current use. In the 1960s,
Ham designed a fully defined serum-free medium (7,8), and in the 1970s, Sato and his
colleagues optimized the addition of hormones and growth factors to serum-free me-
dia (9). Since the 1970s there has been the continuous development of thousands of
cancer cell lines providing large numbers of models for most forms of cancer.

Table 1
Early Milestones in Cancer Cell Culture

Date Event Investigator

1885 First tissue (chicken embryo) maintained in vitro Wilhem Roux
(for several days)

1898 First human tissue (skin) maintained in vitro Ljunggren
(in ascitic fluid)

1903 First tissue (salamander leucocytes) to be maintained Jolly
for 1 mo

1907 First functional experiment (frog nerve fibre growth) Ross Harrison
and first general technique (use of lymph clot)

1911 First investigations of factors in medium required Warren Lewis
for growth and survival

1922 First culture of epithelial cells Albert Ebeling

1943 First continuous rodent cell line Wilton Earle,
George Gey

1951 First continuous human cancer cell line (HeLa) George Gey

1955 Systematic definition of nutritional needs of animal Harry Eagle
cells in culture

1961 Normal cells (fibroblasts) have a finite lifespan Hayflick/Moorhead
in culture

1965 First defined serum-free medium Ham

1965–present Development and use of large numbers of cell lines Multiple
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3. Cell Culture Definitions and General Germs
Cell culture, like many other areas of technology, has developed its own language.

Some of the more commonly used definitions are listed in Table 2.
The term “cell culture” refers to the culture of disaggregated cells while “organ

culture” describes the use of nondispersed tissue, both encompassed by the description
“tissue culture”. The initial culture taken directly from an individual is referred to as
the “primary culture” and when diluted and transferred into further containers (a pro-
cess referred to as “subculture” or “passage”), it becomes a “cell line.” Cell lines may
be categorized as either “continuous” lines, which have the potential for indefinite
population expansion, or “finite,” lines, which undergo a limited number of population
doublings before “senescence.” Becoming a continuous cell line requires “transforma-
tion” and this necessitates either the presence of cells that are already transformed at
the initiation of the culture or undergoing transformation in the early generations.

Cell lines may exist either as adherent cultures or they may grow in “suspension.”
Most cell types will adhere to a “substrate” such as plastic or glass and proliferate as a
monolayer, while suspension cultures do not attach to a substrate and will grow float-
ing in medium.

Table 2
Definition of Cell Culture Terms

Term Definition

Cell culture Maintenance of dissociated cells in culture

Tissue culture Maintenance of tissue explants in culture

Cell line A culture that is subcultured beyond the initial primary
culture phase

Finite cell line A cell line with a limited lifespan that eventually undergoes
senescence

Continuous cell line A cell line that is essentially immortal and continues indefinitely

Primary culture The initial culture derived from in vivo material

Clone The progeny isolated from a single cell

Immortalization Enabling of cells to extend their life in culture

Lag phase of growth Initial phase of growth when cells are subcultured

Log phase of growth Most rapid growth phase when culture shows exponential growth

Plateau phase of growth Phase when cell become confluent

Population doubling time Time for cell number to double

Cell banks Repositories of cancer cell lines and related materials

Substrate The matrix on which a culture is grown

Passage Subculture of cells from one container to another

Confluent Situation wherein cells completely cover the substrate
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4. Basic Requirements of Cells in Culture
For cells to thrive in culture, a variety of conditions must be met. As for the in vivo

setting, nutritional and environmental conditions are essential for cell health. Nutri-
tion is provided by media with or without the addition of serum. For adherent cells,
attachment to a substrate (now generally plastic) is important while carbon dioxide
and oxygen levels have to be maintained within certain limits.

4.1. Media
The synthetic media currently in use today were developed in the 1950s. These

basal media contain amino acids, carbohydrates, vitamins, and salts (see Table 3
and Appendix 1).

Serum or further components, such as growth factors and hormones, are added to
the basal media to provide the complete mix necessary for growth. The composition of

Table 3
Components of Media

Components of Eagle’s basal medium (BME)

Amino acids Vitamins Inorganic salts Other

Arginine Biotin CaCl2 D-Glucose
Cystine D-Ca pantothenate KCl Phenol red
Glutamine Choline MgSO4

Histidine Folic acid NaCl
Isoleucine i-Inositol NaHCO3

Leucine Nicotinamide NaH2PO4

Lysine Pyridoxal HCl
Methionine Riboflavine
Phenylalanine Thiamine HCl
Threonine
Tryptophan
Tyrosine
Valine

Additional components added in other media

Amino acids Vitamins Inorganic salts Other

Alanine Ascorbic acid Fe(NO3)3 HEPES
Asparagine Biotin KH2PO4 Hypoxanthine
Aspartic acid Cholesterol MgCl2 Linoleic acid
Cysteine Niacin Na2SeO3 Putrescine
Glutamic acid p-aminobenzoic acid CuSO4 Pyruvate
Glycine Nicotinic acid FeSO4

Hydroxyproline Pyridoxine ZnSO4

Proline Ca(NO3)2

Serine KNO3
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media range from those containing the most essential ingredients, for example, Eagle’s
basal medium (BME) to those containing a much broader range of components, such
as Medium 199. The medium must also be buffered to allow a stable pH, ideally around
pH 7.4.

One of the first media to be developed was BME. This emerged from Harry Eagle’s
studies that sought to identify a medium that would support a wide variety of both
normal and malignant cell types (10,11). This medium was subsequently modified to
produce a number of popular media. Increasing the amounts of individual amino acids
gave Eagle’s minimum essential medium (MEM) (11), while Dulbecco’s modified
Eagle’s medium (DMEM) contained a fourfold increased concentration of amino acids
and vitamins (12) with a further change increasing the glucose content 4.5-fold.
Iscove’s modified Dulbecco medium (IMDM) was developed to support hemopoietic
precursors and is a modification of DMEM, containing selenium, additional amino
acids and vitamins, sodium pyruvate, and HEPES buffer (13). Glasgow minimum
essential medium (GMEM) was a variation of Eagle’s medium that was used to study
factors affecting cell competence. This contains a twofold increased concentration of
individual amino acids and vitamins (14).

In 1950, Morgan and colleagues described a medium that could support the growth
of explanted tissue (15). This became known as Medium 199 and contained many
more components than found in Eagle’s medium and had broad applicability for the
culture of many cell types. A less complex version of Medium 199 is CMRL 1066
developed at the Connaught Medical Research Institute (16). Initially designed as a
serum-free medium, it can be supplemented with serum to support the growth of many
cell types. Another medium developed to address serum-free growth was Waymouth’s
medium, designed as a totally serum-free medium for cultivation of mouse L929 cells
but proven useful for other cell lines also (17).

Ham’s Nutrient Mixtures F10 and F12 were originally developed for the growth
of Chinese Hamster Ovary (CHO) cells either with or without serum supplementa-
tion (7,8). The combination of F12 and DMEM as a 1/1 mix has found widespread
use in serum-free formulations combining the richness of F12 with its trace ele-
ments and increased vitamins with the nutrient potency of DMEM. Ham and
coworkers went on to develop the MCDB series of media which were developed for
serum-free growth of individual cell lines using supplements or low levels of fetal
bovine serum protein. In 1959, McCoy described a basic formulation that was sub-
sequently modified to create a medium supporting the growth of a wide variety of
primary cultures (18). RPMI 1640, developed by Moore and colleagues at Roswell
Park Memorial Institute (19), is a medium extensively used for supporting the growth
of many types of cell culture. This has become the medium of choice for many tissue
culture laboratories.

Media is available from commercial sources in several formats—normal strength
medium (shelf life, 9–12 mo), concentrates that are diluted down (generally 10X)
(shelf life, 12–24 mo) and powdered medium that has a long shelf life (2–3 yr) and
can be made when needed. Concentrates and powdered medium require the addition
of sterile water.
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4.2. Serum
Although media contains many of the essential nutrients required for growth, addi-

tional key elements are provided by serum. Serum supports the survival and growth of
cells in culture to the extent that it is capable of replacing many of the in vivo hor-
monal, nutritional, and stromal elements present in the in vivo cell environment.
Serum proteins include hormones, growth factors, lipids, transport (binding) proteins,
enzyme cofactors, and attachment factors (9). The concentrations of individual com-
ponents of serum will vary with the age and health status of the animals of origin and
for this reason fetal and newborn calf sera are extensively employed for most cancer
culture studies though human and equine sera are also used. Typically, concentrations
of 5–20% serum in media are considered optimal depending on cell type. Higher per-
centages generally add little benefit for increased cost. The levels of serum proteins
will vary to some degree from batch to batch of sera and individual cell cultures will
have differing requirements for these components. It is generally recommended that a
batch of serum is bought that can last from 1–2 yr stored at –20°C. Since batches of
sera from individual suppliers differ to some degree in their composition, several small
amounts should be obtained from a range of suppliers and then a number of cell lines
used by the laboratory should be tested. The parameters to be assessed will generally
include growth rates and attachment efficiency. Generally, some information on the
biochemical analysis together with certain growth and microbiological tests is avail-
able on the Certificate of Analysis.

4.3. Serum-Free Media

The use of serum has permitted the growth of many cell types in culture, however
there are a number of drawbacks associated with its use. First, although the ingredi-
ents of media are clearly defined, sera will vary in its composition dependent on its
batch. These differences in composition may produce some changes in a number of
parameters including growth rate, attachment, and other functional endpoints. Some
components in serum are in fact growth inhibitory although further supplementation
may still be required where some components are present at insufficient levels. For
certain purposes, the presence of proteins at undefined levels may also prove a com-
plication, for instance where measurements of a cell secreted protein are being made
or the effects of media conditioned by cells in a bioassay necessitate a fully defined
background. Finally, although sera are now routinely checked for the presence of
contaminants, viruses in particular have frequently been present in the past.

For these reasons, together with considerations of cost and greater reproducibility,
there has been a move to the use of totally defined media. In the 1960s and 1970s, two
strategies were developed to define media that did not require the addition of serum.
Sato and colleagues pioneered the addition of specific supplements to existing basal
media while Ham and coworkers increased the concentrations of components of the
basal medium until they could support growth. The key categories of additives include
hormones, binding proteins, lipids, trace elements, and attachment factors.

Sato’s experiments in supplementing medium identified several factors that
appeared to have widespread value in maintaining the growth of many cell types in
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media alone (9,20). These included insulin, transferrin, and selenite (ITS) and often
epidermal growth factor and hydrocortisone (HITES). Serum albumin and
fibronectin are also widely used. The media selected is frequently a 1/1 mixture of
DMEM and Ham’s F12 though other media such as RPMI 1640, IMDM, and the
various MCDB media are also commonly used. Other additives that can have great
value for specific cell lines include fibroblast growth factor, estrogen, glucagon,
prostaglandins, and triiodothyronine (9).

Ham’s laboratory developed the MCDB series of media to provide a defined and
optimally balanced environment to promote growth of specific cell types. For example,
fibroblasts grow in MCDB 110, keratinocytes in MCDB 201, and 1551 and CHO cells
in MCDB 302 media (21).

When transferring from serum-containing medium to serum-free it is advisable to
reduce the serum content gradually to aid adaptation to a reduced nutritional environ-
ment. Transferring to a serum-free medium requires more care when trypsinization is
undertaken. Generally, serum will rapidly inactivate trypsin, however if serum is not
being used, then a trypsin inhibitor can be added to neutralize the trypsin. If attachment
to the substrate is poor, precoating with a collagen or fibronectin solution may help.

4.4. The Substrate

For growth and differentiation in culture almost all types of cancer cells require
interaction with a substrate. Most cancer cell types will grow as monolayers on plastic
or glass. The major exceptions are hematopoietic cell lines and most small cell lung
cancer cell lines that prefer to grow in suspension as single cells and as clusters of cells
respectively. Polystyrene is the most widely used plastic, though other substrates such
as polycarbonate, polytetrafluoroethylene and polyvinyl are also available. These plas-
tics require treatment with irradiation or chemicals to produce a charged surface. Cell
adhesion can be greatly increased by coating the substrate with extracellular matrix
(ECM) components. Widely used ECM proteins include collagen, fibronectin, and
laminin. Alternatively, substrates can be precoated with serum or with medium condi-
tioned by cells which produce ECM molecules.

Although monolayer culture is often the simplest and most convenient mode of
culture, more complex systems can provide a greater level of information. Growth
within an ECM such as collagen or Matrigel in three dimensions, rather than on two,
can provide more complete morphological and biochemical differentiation (22,23).
The use of dual cultures wherein two populations of cells, e.g., carcinoma cells and
fibroblasts, are separated by a filter, allows study of paracrine interactions and the
roles of diffusible factors (see Chapters 28 and 29).

4.5. Physical Environment

Maintenance of the physical environment conditions within certain limits is required
for optimal cell growth. For most mammalian cultures, the preferred temperature is
36.5° ± 1°C and although cells can still grow at lower temperatures, they will die rap-
idly at temperatures above 40°C. Culture media contain buffering systems that gener-
ally require a CO2 atmosphere and frequently 5% CO2 is preferred. Most cancer cells
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require a pH value that is around 7.2–7.4 and media should be changed regularly as cell
growth produces respiratory byproducts that acidify the media. The pH indicator com-
monly added to medium is phenol red which is yellow at pH 6.5, orange at pH 7.0, red
at pH 7.4, and purple at pH 7.8, thus providing a simple visual indication of the pH
status of the culture.

Finally, humidity levels are important as evaporation of water from the medium
will concentrate salt levels which could eventually cause cell lysis. For optimal growth,
the osmolality of the media should be kept within relatively narrow limits.

5. Primary Cell Culture

Primary culture, i.e., the initial culture established from an individual, represents
the situation most closely related to the original tissue. The primary material used may
be either a fragment, for example an explant, that can be made to attach to the sub-
strate wherein cells can migrate and grow directly from the fragment, or tumor mate-
rial that can be broken up by mechanical or enzymatic means into single cells or
clusters of cells.

The source of the material can have an impact on the efficiency of this process,
with cultures being more easily established from primary ascitic or pleural effusions
already containing cells in suspension than from solid tumors. Enzymes routinely used
for disaggregation include trypsin and collagenase.

Many of the cell types within the initial cell mix may not adhere to a substrate
readily or grow under the culture conditions, and the balance of cell types in culture
may change rapidly with time as the fast-growing cells outgrow the slower or
nonproliferating cell types. This loss of heterogeneity has both advantages and disad-
vantages. With selection to produce a more homogeneous cell population, if the pre-
dominant emerging cell type obtained is the one of interest then this might be
considered helpful and desirable. For the development of cell lines, this is necessary
to allow a pure population to emerge. The disadvantage of selective growth is that the
heterogeneity and diversity of the multicellular tumor is lost with the subsequent
absence of key intracellular interactions.

6. Cancer Cell Lines

The development of a culture beyond the primary culture results in a “cell line.”
The importance of a cell line lies in its ability to provide a renewable source of cell
material for repeat studies. Cell line models should reflect the properties of their
original cancers, e.g., maintenance of histopathology when transplanted into immu-
nodeficient mice, genotypic and phenotypic characteristics, gene expression and
drug sensitivity (24). However, as it is frequently fast growing cell lines from poorly
differentiated tumors that are generally selected for growth in vitro, the cell lines in
widespread use may not necessarily always reflect those found in the majority of the
clinical disease (24).

Virtually all types of cancer cells can now be grown in culture. The classical studies
of Hayflick and Moorhead in the early 1960s demonstrated that diploid human fibro-
blasts could undergo a limited number of divisions (approx 50) in culture before enter-
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ing “crisis” and senescence (25). Most cancer cell lines will undergo indefinite num-
bers of divisions, and immortal cell lines can extend to thousands of divisions. For a
cell line to become “continuous” (rather than “finite”) cells must be present at low
levels in the initial culture that have the ability to divide indefinitely or cells have to
undergo “transformation.” This transformation can be produced via chemical or viral
means (see Chapter 26).

Once a new cell line has been established, it should be characterized and confirmed
to be free of contamination. These aspects are covered in Chapters 4 and 5 and 31.

As cell lines undergo increasing numbers of passages, they may lose certain fea-
tures such as differentiation characteristics; however they may also demonstrate greater
homogeneity as the most rapidly growing subclones will emerge. Stocks of the cell
lines should periodically be frozen at a variety of passage numbers to provide a renew-
able resource.

As model systems, cell lines possess a number of advantages over primary cultures.
As mentioned above, their predominant strength is the ability to repeat studies with a
well characterized culture system that can be used in multiple laboratories. With con-
tinued culturing a relatively homogeneous cell population will arise unlike the pri-
mary culture that may contain many types of stromal and infiltrating cell types
potentially complicating the interpretation of data.

6.1. General Growth Characteristics of Cell Lines

When cell lines are subcultured, they will pass through several well-defined stages
of growth. Monolayer cells when initially subcultured will take time to adhere to the
substrate and, if they have been disaggregated by proteolytic enzymes (like trypsin),
need time to repair the damage caused by these enzymes. At this point the culture will
grow relatively slowly and this stage is referred to as the “lag phase.” As the culture
starts growing, paracrine exchange of growth factors will help accelerate the growth
rate and an increasing percentage of cells will undergo cell division. The initial cell
density is a factor here and the higher the cell density, the more rapidly the culture will
grow. The culture will demonstrate its most rapid phase of growth, often exponential
and therefore called the “log phase.” Finally, as the monolayer fills the available sub-
strate area with cells in close contact with each other (confluency) and relatively high
use of sera and media components, the growth rate will slow down to a “plateau” at a
particular “saturation density” that is characteristic for a cell line (for a particular set
of conditions) and this is referred to as the “plateau phase.” It is generally recognized
that the longer the cells are in the plateau phase before subculture, the longer they
remain in the lag phase after subculture.

6.2. Cancer Cell Collections

Cancer cell lines are widely available through a number of large cell banks. The
largest of these are listed in Table 4 and in addition there are many other national
collections that are often government sponsored and nonprofit making. The World
Federation for Culture Collection has 469 culture collections in 62 countries (http://
www.wfcc.info), although not all hold cancer cell cultures. The number of more spe-
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Table 4
Major Cell Line Banks

Bank Web Address Postal Address Further Information

American Type Culture http://www.atcc.org 10801 University Blvd., Contains over 4000 cell lines, incl.
Collection (ATCC) Manassas, VA, 20108-1549, USA 950 (700 human) cancer cell lines

Corriell Cell Repository http://locus.umdnj.edu/ccr 401 Haddon Ave., Contains cell lines covering over 2000
Camden, NJ 08103, USA genetic diseases

Deutsche Sammlung http://www.dsmz.de Mascheroder Weg 1b, Contains over 500 human and animal
Von Mikroorganismen D-38124 Braunscweig, Germany cell lines
Und Zellkulturen
GmbH (DSMZ)

European Collection http://camr.org.uk CAMR, Salisbury, Contains over 900 human and animal
of Animal Cell Culture Wilts, SP4 OJG, UK cell lines
 (ECACC)

Interlab Cell line http://www.iclc.it L.Go Rosanna Benzi 10, Contains over 200 human and animal
Collection (ICLC) 16132, Genova, Italy cell lines

Japanese Collection http://cellbank.nihs.go.jp 1-1-43 Hoen-Zaka, Contains over 1000 human and animal
of Research Bioresources Chu-Ku,Osaka 540, cell lines
(JCRB) Japan

RIKEN Gene Bank http://www.rtc.riken.go.jp 3-1-1 Koyadai, Tsukuba, Contains over 1000 human and animal
Science City, Ibaraki 305, cell lines
Japan

12
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cialized banks concentrating on specific cancer types is also expanding rapidly and
these are most easily identified through worldwide web searches.

It is recognized that if a cell line can be obtained from a reputable bank then that is
the best source. These provide guarantees of authentication and freedom from contami-
nation that may not be the case when transferring between laboratories. The latter trans-
fer often spreads microbial contamination (especially mycoplasma) and increases the
opportunities for mix-ups. Sometimes, however, an academic laboratory may be the
only source of a unique cell line.

6.3. Development of New Cell Lines or Use of Existing Lines?

There are now very large numbers of cell line panels available in the National Cell
Banks. It is therefore worth reconsidering the merit of developing new cell lines if cell
lines are readily available. The advantages of using existing cell lines include their
instant availability and, at least for some cell types, the hundreds of models available
within the cell banks (see Appendix 2)

Many lines are well characterized and novel data generated may be related to the
existing literature on that model. Time does not have to be spent on developing new
models but can be devoted to using them. However, in many situations, cell lines are
not available and may need to be derived. A great deal of time and effort can be spent
in creating and characterizing new cancer cell lines; however, there are several situa-
tions where this is desirable. First, there may not be any or only a few established cell
lines available for the tumor type under study. Cell lines with particular characteris-
tics, e.g., derived resistance to a new drug, may also be unavailable. Finally, there will
be novelty in deriving the new cell line that has to balanced against the effort required
to characterize it.

7. Basic Laboratory Design and Selection of Equipment

Although the design and selection of equipment for a cell culture facility will de-
pend on the scale of the operation, several requirements are fundamental to even the
smallest of laboratories. Housed within the space dedicated to cell culture will be the
microbiological safety cabinet(s), inverted microscope(s), sink, centrifuge, and spe-
cific small apparatus such as tissue culture flasks, sterile glassware, and plastics. Ide-
ally, CO2 incubators should also be in the same room to minimize movement of cells
around the laboratory. Storage facilities such as liquid nitrogen tanks or fridges/freez-
ers holding tissue culture media or serum do not necessarily need to be in the same
room, and similarly sterilization equipment and autoclaves may reside nearby. Within
this area, human traffic should be minimized especially in the vicinity of the tissue
culture cabinets.

All cell culture manipulations should be undertaken in microbiological safety cabi-
nets designed to protect the laboratory worker from exposure to aerosols from cell
culture. Such cabinets operate on the principle that air from the vicinity of the culture
is filtered through a HEPA (high efficiency particulate air) filter before exiting the
cabinet. They are classified at levels I, II, and III. Class I cabinets are the simplest and
easiest to maintain but offer least sterile protection to the cell culture. Class II cabinets
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are probably the most widely used for cell culture work and offer good protection to
both the operator and cell cultures since air passing over the working area is HEPA
filtered. Class III cabinets are completely sealed units and are used for more hazardous
types of work. For all classes of cabinet, quality of airflow and filter integrity should
be tested routinely every 6–12 mo. Before use, cabinets should be switched on for 10–
20 min and surfaces wiped with ethanol both before and after use. Cabinets may also
be equipped with a UV light that can be used to sterilize the surfaces of the cabinet.

8. Safety
A number of biohazards are associated with cell culture and the new user should be

made aware of these. Potential hazards may be harbored by cancer cells both within
cultures or within sera (26). Cancer cells may carry viruses while serum may carry not
only viruses but other microorganisms as well. Clinical material should always be
regarded as potentially infectious until proven otherwise and treated as such. Blood
borne pathogens such as hepatitis B virus (HBV) and the human immunodeficiency
virus (HIV) are perhaps the most common risk although cells transformed with viral
agents, such as SV-40, Epstein-Barr virus (EBV), and HBV should also be treated
with caution. Viral infection is also possible from the culture of animal material (27).
A reported incident of cancer developing from a needle-stick injury highlights the risk
of possible transfer and infection but good practice should make this risk extremely
low (28).

With careful technique and appropriate caution, the risks of working within a
general cell culture facility undertaking studies with cancer cell lines or primary
cultures should be no greater that working in any other area of a cell or molecular
biology laboratory.
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Essential Techniques of Cancer Cell Culture

Kenneth G. Macleod and Simon P. Langdon

1. Introduction
Cell culture utilizes a number of core techniques, and although there can be marked

diversity in how these procedures are practiced, there are elements and features that
are universally applied. This chapter describes some of the essential techniques and
provides typical protocols. It is assumed that aseptic technique will be used for all
these procedures unless mentioned otherwise.

1.1. Primary Culture
A primary cell culture is the initial culture set up directly from a body tissue. Pri-

mary cancer cultures can be initiated and derived from a variety of tissue types such as
solid tumor fragments (primary or metastatic) or cell suspensions, for example, aspi-
rates, including peritoneal ascites or pleural effusions. Cell suspensions can be par-
ticularly convenient for developing cell lines as they are already growing as single
cells or clusters, avoiding the need for mechanical or enzymatic dispersion. The cellu-
lar composition of primary cultures is often very variable with hematopoietic and stro-
mal cell types contributing to the cellular mix. Fibroblasts, in particular, can be
problematic as they attach readily to matrices and often outgrow the cancer cell popu-
lation. Cancer cells differ from most normal cell types in their ability to grow in sus-
pension, for example, in agar, but generally cultures are initiated by allowing cells to
adhere to a substrate before proliferating. A number of strategies have been developed
to help disperse fragments of tissue and these include mechanical and enzymatic meth-
ods (see Subheading 1.2.).

1.2. Routine Feeding and Maintenance
Cell cultures should be examined regularly and routinely (preferably daily) both

macroscopically and microscopically. The cell morphology and cell density should
be checked by microscope and the presence of contaminants such as fungus and bac-
teria should be evaluated. Macroscopically, the color and turbidity of the medium
should be monitored. Media (plus serum and other additives) should be changed regu-



18 Macleod and Langdon

larly and not allowed to become depleted, depriving cells of specific nutrients, or
becoming acidic. The pH of the medium is most easily monitored by the addition of
color indicators such as phenol red. The frequency of media renewal will be depen-
dent on the growth rate of the culture with more rapidly growing cultures requiring
more regular changes.

1.3. Subculture of Cells
When a culture has occupied the complete surface of a flask (for a monolayer cul-

ture) or has grown to a point where media has been depleted of nutrients (for a suspen-
sion culture), then it requires “subculture” (also described as “passaging” or
“splitting”) to maintain healthy growth. This process reduces the cell density back to a
level where the cells will grow optimally again and not exhaust the medium of nutri-
ents too rapidly. The process of detachment of the adherent monolayer to give a single
cell suspension is often referred to as “harvesting.” The use of proteolytic enzymes
such as trypsin, breaks the cell-cell and cell-substrate links and creates a single-cell
suspension. Subculture of a primary culture into a secondary culture produces a “cell
line.” Once a cell-line is created, not only should it be given a designation, but a record
of the number of subcultures or passages should be kept to provide a general indica-
tion of the lifetime of the culture. The cell line should be characterized and this pro-
cess is described in Part II.

1.4. Cloning
A clone is the population of cells derived from an individual cell and cloning is the

process of isolating this individual cell and developing its progeny. Cloning will thus
produce cultures that are genetically homogeneous at the outset. The colony forming
efficiency (CFE) is a measure of the ability of a culture or cell line to produce colonies
and represents the number of colonies produced/number of individual cells cultured.
Primary cultures tend to have low CFE values, typically <1% while cell lines gener-
ally have much higher values, typically varying from 10–100%. Methods describing
the cloning of cells on plastic and within agar are described.

1.5. Cell Counting
The determination of cell number is a key measurement both for setting up experi-

ments with cancer cell lines as well as monitoring cell responses under experimental
conditions. Two protocols provided here have advantages depending on the applica-
tion, for example, the scale of the experiment or the number of cell lines to be counted.
The simplest protocol involves the use of a hemocytometer (Improved-Neubauer) and
is appropriate when only a small number of samples are to be counted. This is the least
expensive approach because minimal outlay on equipment or reagents is required. A
hemocytometer is an etched glass chamber that will hold a quartz cover slip exactly
0.1 mm above the chamber floor.The counting chamber is precisely etched in a total
surface area of 9 mm2. Calculation of cell number is based on counting the number of
cells within a defined area underneath the cover slip. The second method is automated
and involves the use of an electronic counter such as the Z2 from Beckman Coulter.
This approach allows rapid and accurate counting of large numbers of cultured cells



Basic Techniques of Cell Culture 19

and is widely used within the biomedical sciences but involves a greater initial outlay
for the equipment.

1.6. Cryopreservation
The preservation of cell stocks at temperatures below –130°C has allowed the

long-term storage of cells for periods of at least 2–3 decades. Several features are
important for optimizing the viability of cells. The use of cryoprotective agents that
prevent ice crystals forming and the fragmenting of membranes is essential. The most
commonly used cryoprotective agent is dimethylsulfoxide (DMSO), but glycerol is
an alternative. The rates of freezing and thawing also influence viability, and a freez-
ing rate of approx 1°C/min is considered optimal. In contrast, thawing should be
rapid and this is most easily achieved by placing ampules in a water bath at 37°C.
Cells are generally stored in liquid nitrogen at –196°C, but can remain viable for
short periods of time at –80°C.

1.7. Troubleshooting
A number of simple problems are routinely encountered in cell culture studies.

Some of the more common issues are listed in Table 1 with potential causes and their
associated solutions.

2. Materials

2.1. Primary Culture
1. Specimen collection containers, for example, sterile Universal containers.
2. Cell disaggregation enzymes.
3. Sterile scissors.
4. Sterile forceps.
5. Sterile scalpels.
6. Tissue sieve.
7. Phosphate buffered saline (PBS).
8. Cell culture medium, for example, Dulbecco’s modified Eagle’s medium (DMEM), +

10% fetal calf serum (FCS), penicillin (100 U/mL)/streptomycin (100 mg/mL).

2.2. Routine Maintenance and Feeding
1. Cell culture media.
2. Inverted microscopes.
3. Trypsin-EDTA (for adherent cultures).
4. Phosphate-buffered saline (PBS) for adherent cultures.
5. Tissue culture plastics.

2.3. Subculture
1. Any adherent cell culture, for example, SKOV-3 ovarian cancer cell line.
2. Tissue culture flasks.
3. Complete cell culture medium, for example, RPMI 1640 containing 10% heat inactivated

fetal calf serum (FCS).
4. Trypsin–EDTA (Gibco BRL).
5. Dulbecco’s PBS (Oxoid, Unipath Ltd, Basingstoke, England).
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Table 1
Common Problems Associated With Cell Culture

Problem Possible cause Potential solution

Cells difficult to remove from plastic Enzyme solution too weak Higher concentration needed
Inhibitor present in medium (for example, serum) Cells require more careful washing
Cells too confluent and enzyme cannot access Cells require trypsinisation at lower

cell-substrate interface cell density

Cells not adhering readily to plastic Cells too heavily treated with trypsin Use less trypsin or treat for less time
Insufficient serum or attachment factors Add more
Dissociating agent (for example, not inactivated fully) Add serum or specific inhibitors
Mycoplasma contamination Discard if infected

Suspension cells clumping together Mycoplasma contamination Discard if infected
DNA from lysed cells sticking cells together Add DNAse

Poor growth in culture Absence or lower than normal levels of certain additives Add missing components
Contamination by bacteria, mycoplasma or fungi Discard if infected
Cell density too low Increase density

Cell death/low viability Incorrect pH Correct pH
Faulty media Correct preparation

Too acidic pH CO2 content too high Modify
Contamination If infected, discard

Too basic pH Insufficient CO2 Caps too tight
Too few cells Increase cell density

20
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2.4. Cloning
1. Cells.
2. Cell culture medium.
3. Trypsin-EDTA.
4. Hemocytometer or cell counter.
5. Petri dishes.
6. Agar.

2.5. Cell Counting
2.5.1. Hemocytometer Counting

1. Cell line of interest.
2. PBS.
3. Trypsin-EDTA.
4. Tissue culture media containing 10% FCS.
5. Tally Counter.
6. Syringe and needles or Pasteur pipets.
7. Microscope.
8. Hemocytometer (Improved Neubauer).
9. 0.4% Trypan blue in PBS (optional).

10. 10% Formalin (optional).

2.5.2. Electronic Counting
1. As above but with electronic counter, for example, Beckmann Coulter Z2.
2. Counting pots.
3. Fixed volume dispenser (optional).
4. Ice tray.

2.6. For Cryopreservation
1. Cells requiring freezing.
2. Cell culture medium: Medium plus 10% FCS.
3. Freezing mixture: 10% DMSO/20% serum/70% medium or 10% DMSO/90% serum.
4. Trypsin-EDTA.
5. Hemocytometer or cell counter.
6. Liquid nitrogen freezer.
7. Cryotubes (freezing ampules).
8. Pipets.
9. Gloves and face mask.

3. Methods
3.1. Primary Culture
3.1.1. Initial Establishment from Solid Primary Tumor
or Solid Metastasis

1. Obtain cancer material at surgery (see Note 1). Place fragments of the material into tissue
culture medium, (e.g., RPMI 1640 or DMEM) in sterile plastic containers, for example, a
Universal container. Keep material cold (on ice) and transfer to the tissue culture suite as
rapidly as possible.
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2. Within a sterile environment, for example, a Class II hood, select the most viable tissue
and discard any necrotic tissue. Wash the tissue initially either with medium, PBS, or
Hank’s balanced salt solution (HBSS) to remove blood.

3. Two options are then available for tumor disaggregation—mechanical or enzymatic
dispersion.

4. For mechanical disaggregation, cut tumor fragments into small pieces (1–2 mm diameter)
by the use of crossed scalpels. This is most easily done on a Petri dish. Add a small
amount of cell culture medium. Using a sterile pipet or pastette, transfer the fragments to
a 25-cm2 culture flask. If a sterilized metal sieve is available, this can be used to remove
everything other than clusters of cells or single cells. To help attachment, it is often easi-
est to use the minimum volume of culture medium initially (2–3 mL) (see Note 2) and
then add additional medium for a total volume of 5–10 mL. After several days, explants
and clusters will attach to the plastic and cells will grow out from the sites of adherence.

5. Alternatively, small fragments can be broken up by the use of proteolytic enzymes.
Trypsin, collagenase, hyaluronidase, elastase, dispase, and papain are all useful enzymes
for this purpose. Dependent on the tissue, optimization of the enzymes and their working
concentrations are required to obtain the best dissociation without excessive destruction.
Sometimes, enzyme cocktails have been used overnight on ice and these may have a
gentler effect (see Note 3).

6. If trypsin is used, the fragment is still chopped initially into relatively small pieces, for
example, 2–3 mm diameter. The small fragments are then added to a trypsin solution
(0.25%) at a density of 1 g tissue/10 mL and stirred at 37°C for 30 min. The supernatant
is collected and centrifuged at 600g for 5 min to collect a cell pellet. This cell pellet is
resuspended in full culture medium (containing serum which will inactivate the trypsin).
The fragments will not necessarily disaggregate fully after a single 30-min step and the
process can be repeated until most cells have become suspended in the supernatant. A
modification of this process is to soak the initial fragments overnight at 4°C in the trypsin
solution, allowing effective tissue penetration, and a single 30-min treatment at 37°C
will be more effective. The cell suspension obtained is then centrifuged and cell culture
medium (containing serum) added.

7. The other enzyme widely used for this step is collagenase as collagen is one of the major
extracellular matrix proteins present in many stroma. Collagenase is added to culture
medium (containing serum) at 200–1000 U/mL and can be left for 2–5 d.

8. The choice of medium to be used varies and is generally dependent on the media used in
a particular laboratory. Ideally, several culture flasks should be set up using a variety of
conditions as cells may grow differentially dependent on the media type. Popular media
include DMEM, RPMI 1640, F12, McCoy’s either alone, or in various 1/1 combinations
of these. Serum at a percentage of 10% is also included. Higher concentrations of serum
(up to 20% ) are sometimes used and although this may be beneficial to certain cancer cell
types, it may be even more beneficial to noncancer cells, such as fibroblasts, within the
culture and help promote their overgrowth (see Note 4).

9. If the cells were growing within a fluid, e.g., an ascites or effusion, this can be spun down
and the supernatant added at a level of 10–20% to the medium. Similarly, as the primary
culture grows, the conditioned medium, i.e., medium that has been “conditioned” by the
secretion of cell components, can be removed periodically and added back to fresh me-
dium at a percentage of 10%.

10. Cultures should be monitored regularly to check which cell types adhere and grow.
11. Once there is sufficient material to maintain and expand the culture, it is essential to

cryopreserve samples. Cell cultures should also be tested for the presence of mycoplasma.
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3.1.2. Initial Establishment from Cell Suspensions
If the clinical tissue is a fluid such as an ascites, aspirate, or effusion the following

method can be used.

1. Collect freshly obtained clinical fluids, for example, ovarian ascites, from the patient and
transfer to a sterile environment. For an ovarian ascites, the volume is typically of the
order of 1 L.

2. Centrifuge the fluids for 20 min at 3000g and 4°C to produce a cell pellet.
3. Discard the fluid and resuspend the cell pellet in PBS.
4. If the sample contains a particularly high number of red blood cells it is beneficial to

remove the majority of these by centrifuging through Histopaque (or Ficoll-Paque).
The tumor cell pellet is suspended in PBS or HBSS (10 mL) and placed onto Histopaque
(10 mL) in a Universal container.

5. Tubes are centrifuged at 1000g for 20–30 min.
6. Cells at the interface of the buffer and the Histopaque are collected by pastette or pipet,

resuspended in buffer, and centrifuged at 600g for 5 min. This wash is repeated.
7. Cells are then resuspended in cell culture medium and placed in a tissue culture flask

(see Notes 5,6).

3.2. Routine Feeding and Maintenance
3.2.1. Adherent Monolayer

1. For monolayer cultures that are not being subcultured, remove spent media with a sterile
pipet and add an equal volume of fresh media (plus serum plus any additives).

2. The periodicity of feeding depends on the growth rate of the primary culture or cell line.
In general, feeding 2–3 times/wk is recommended.

3.2.2. Suspension Culture
1. For suspension cultures, medium containing cells must be centrifuged in a sterile manner,

at 600g for 5 min in a Universal container.
2. The cell pellet is resuspended in fresh medium.
3. Often, if media is being depleted as a result of growth, then the culture can simply be

divided 1/5–1/10 into fresh complete-culture medium without the necessity to spin
cells down.

3.3. Subculture of Cells
3.3.1. Monolayer Cells

Adherent cells that are in late log phase require subculturing to maintain optimal
growth (see Note 7).

1. Check the culture to ensure cells are in late log/early plateau phase (80–90% of the sur-
face area is covered) and confirm that the cells are healthy and free of contamination.

2. Remove the cell culture medium by pipet and discard.
3. Wash cells twice with PBS to remove traces of serum that will inactivate trypsin and

discard.
4. Add 1–2 mL trypsin-EDTA to a 25-mL flask (and scale up accordingly for larger sized

flasks). Swirl the solution across the monolayer to ensure the trypsin reaches all cells.
Return the flask to the incubator for 5–10 min (see Note 8).

5. Check the detachment of the cells at intervals. This is best done using a microscope, but
with experience the monolayer sheet can be seen to disperse macroscopically. The cells
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should not be left in trypsin for long periods once detached. Fresh culture medium con-
taining serum is then added to inactivate the trypsin in the cell suspension. Pipeting or
syringing this suspension will then help break up any cell clusters into single cells.

6. The cell suspension can then either be counted if an accurate cell density is required at
subculture, or the suspension can then be “split” into an appropriate ratio. For example, it
is often convenient to split the cells 1/5 or 1/10 depending on growth rates.

7. For a 1/10 ratio, a 1/10 aliquot of the cell suspension would be placed into a new flask
with the full amount of cell culture medium required for that flask size. Subculturing
from primary cultures should involve relative small split ratios, e.g., 1/2 or 1/3. Cell cul-
ture flasks are then returned to the CO2 incubator. After 24 h, the culture should be
checked to ensure that cells are reattaching and the pH of the medium is approx pH 7.4
(see Note 9).

8. Medium is then changed as necessary until the next subculture.

3.3.2. Suspension Culture
For cells growing in suspension, subculturing does not require the trypsinization

steps needed for harvesting adherent cells.

1. The cell suspension is first checked to ensure cells are in late log/early plateau phase and
to confirm that the cells are healthy and free of contamination (see Note 10).

2. The cell suspension can then either be counted if an accurate cell density is required at
subculture, or the suspension can then be “split” into an appropriate ratio. For example, it
is often convenient to split the cells 1/5 or 1/10 depending on growth rates. For a 1/10
ratio, a 1/10 aliquot of the cell suspension would be placed into a new flask with the full
amount of cell culture medium required for that flask size.

3. Cell culture flasks are then returned to the CO2 incubator. After 24 h, the culture should
be checked to ensure that the pH of the medium is approx pH 7.4 (see Note 9).

3.4. Cloning
3.4.1. Dilution Cloning on Plastic

For monolayer cultures, trypsinize and harvest cells to prepare a cell suspension
as described in Subheading 3.3.1. This step is unnecessary for cells growing in
suspension. Pass cells through a pipet, pastette, or needle to produce a single cell
suspension.

1. Dilute cells to a range of low concentrations, e.g., 100, 30, and 10 cells/mL.
2. Place cell suspensions into individual wells of a 24–well plate (1 mL/well).
3. Allow colonies to grow. Typically this will take 3–4 wk. Change media as growth com-

mences.
4. Inspect each well to identify wells in which a single colony has grown. It may be neces-

sary to repeat the range of cell concentrations plated to encompass either a higher or
lower range.

5. Wells in which a single colony is present are then expanded by subculture as described
above (see Subheading 3.3.). They should be designated carefully to indicate a link with
the parental culture.

3.4.2. Cloning in Agar
Cancer cells can conveniently be cloned in agar as they demonstrate anchorage

independent growth. This provides one the means of allowing the malignant cells to
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grow in the presence of nontransformed cells that will generally not grow under
these conditions.

1. Prepare agar. Agar solutions can be prepared prior to use. A 5% solution of agar in dis-
tilled water is dispensed into glass Universal containers. Autoclave for 15 min. The agar
solution should be kept at 45°C or higher to prevent it from forming a gel.

2. For monolayer cultures, trypsinize and harvest cells to prepare a cell suspension as
described in Subheading 3.3.1. This step is unnecessary for cells growing in suspen-
sion. Passage cells through a pipet, pastette, or needle to produce a single cell suspen-
sion. Count cells. Prepare a cell suspension at 2.5X final density.

3. Cell culture media (for example, Ham’s F12 plus 10% FCS) is warmed to 37°C.
4. Using a pipet or pastette, add 2 mL of 5% agar to 18 mL cell culture medium in a

prewarmed glass-Universal and mix thoroughly.
5. Add 3.6 mL of this 0.5% agar solution to 2.4 mL of the cell suspension in individual tubes

(with caps that allow diffusion) and mix thoroughly.
6. Place tubes on ice for 5 min and close caps. Then place tubes into a CO2 incubator at 37°C.
7. After 1 wk, 1 mL fresh medium plus serum can be added to each tube. The tube is re-fed

weekly until colony size is greater than 50 cells.
8. Periodically, tubes are inspected to determine whether colonies have formed. A tube is

selected, liquid medium removed from the tube, and the agar plug is placed into an empty
Petri dish. The plug is pressed down to allow viewing through an inverted microscope.

3.4.3. Estimation of Colony Forming Efficiency (CFE) on Plastic
1. Monolayer cells are trypsinized as described in Subheading 3.3.1. and a cell count is

taken of the cell suspension (see Subheading 3.5.).
2. Cell dilutions are prepared with differing numbers of cells (e.g., 10,000, 3000, 1000, 300,

and 100 cells/2 mL).
3. Dispense 2 mL aliquots into Petri dishes or individual wells of a 6-well plate.
4. Allow cells to attach.
5. Replace full culture medium 2–3 times/wk.
6. When sufficient time has elapsed to allow colonies (>50 cells) to form (approx several

weeks) and dependent on the growth rate of the cell line, colonies are counted.
7. It is generally convenient to count wells containing approx 100–200 colonies. At higher

densities, colonies will start to merge and it will be unclear as to whether colonies devel-
oped from single cells or have merged. Colonies can also be stained with dyes such as
hematoxylin or crystal violet to aid counting.

3.5. Cell Counting
3.5.1. Hemocytometer Counting

1. Trypsinize monolayer cells until they are detached from the plastic (see Subheading
3.3.) and then add medium containing FCS to inhibit cell damage by over-trypsinization.
This step is not necessary for suspension cultures.

2. Ensure that the cells are in single-cell suspension. This should be done by repeatedly
drawing the cells into a pastette or a syringe and checking the appearance of a drop of
cells under the microscope (see Note 11).

3. Prepare the hemocytometer and cover slip. These should be clean and wiped with 70%
alcohol (see Note 12). Take care not to scratch the silvered surface.

4. Slightly moisten the hemocytometer and cover slip (see Note 13) and place the cover slip
over the grid. Gently move the cover slip back and forth resulting in its attachment to the
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hemocytometer and the appearance of Newton’s rings (rainbow colors like those formed
by oil on water).

5. The hemocytometer is now ready to be filled. Place a pipet filled with a well-suspended
mix of cells at the edge of the coverslip and then by slowly expelling some contents, draw
the fluid into the chamber by capillary action.

6. Obtain the cell concentration by counting cells in the grid area. Several choices are avail-
able depending on the density of the cells:

a. Count the 25 squares within the large middle square. Total cell count in 25 squares ×
10,000 = number of cells/mL.

b. Count the number of cells in the 4 outer squares. Total cell count in 4 squares × 2500
= number of cells/mL. The choice of methods is dependent on the cell concentration.
The accuracy of the procedure depends upon the number of cells counted.

7. Each hemocytometer normally has two grid areas and it is good practice to count both and
use the mean count to calculate cell number.

8. One advantage of using the hemocytometer method is that it allows for a variation of
technique involving the use of Trypan blue dye to enable differentiation between dead/
damaged cells and the healthy viable cell population.

3.5.2. Viable Cell Counting Using Trypan Blue

Trypan blue is a dye that does not interact with the cell unless the cell membrane is
damaged. Healthy undamaged cells exclude the dye, but it is readily absorbed by dam-
aged cells and renders them clearly visible (blue) under the microscope.

1. A 0.5-mL aliquot of cell suspension, obtained as previously described, is incubated with
0.5 mL of 0.4% Trypan blue dye (5 min at room temperature).

2. Cells are counted using the normal hemocytometer protocol and the percentage of dead or
damaged cells can be established.

3.5.3. Electronic Counting

Detailed operating manuals and training are provided by Beckman Coulter. The
following is a brief operating summary:

1. Switch on instrument 30 min prior to use. To avoid build up of debris in the pipe-work the
instrument is routinely emptied after each use (daily) and refilled with Coulter Clenz.
This is removed and the empty instrument refilled with saline. This is done automatically
by making selections from the menu. Prepare counting pots by adding the required vol-
ume of PBS (typically 9.8 mL, allowing samples to be added in 0.2 mL increments). The
use of an automatic dispensor makes this task much easier.

2. Instrument parameters are set on the set up page. These include sample volume particle
size range (upper and lower thresholds) and the number of counts per sample.

3. Cells should be harvested and trypsin inactivated by adding an equal volume of FCS-
containing media. Where necessary cells are agitated to give a single cell suspension (see
Note 11). Cell samples contained in 24 well trays may be stabilized for longer by placing
them on an ice tray.

4. Measure 0.2 mL of cell suspension into each counting pot just prior to counting. Mix
gently by rolling or inverting. Do not shake vigorously as this will create air bubbles
which may be counted by the instrument.
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5. Flush aperture by selecting this option from the start-up menu. Check background by
counting a blank sample. If this is unacceptably high repeat the flushing step.

6. Count the sample. Repeat process for further samples. It is not necessary to flush the
aperture between replicate samples.

7. The results may be directed to a printer or to a computer.

3.6. Cryopreservation

3.6.1. Freezing
1. Cells that are typically in log phase of growth should be used, and ideally medium should

be replaced 24 h prior to freezing.
2. For monolayers, cells should first be washed with PBS (after removal of culture medium)

and then treated with trypsin-EDTA (5 mL/75 cm2 flask) to detach the monolayer.
3. After confirmation of detachment by observation through a microscope, trypsin should

be inactivated by addition of culture medium (containing 10% serum).
4. An aliquot of the cell suspension is then removed and a cell count taken using either a

hemocytometer or cell counter.
5. Cells are then pelleted by centrifugation (5 min at 600g) and resuspended in freezing mix

(kept cold on ice)(see Note 14) at a density of approx 107 cells/mL (see Note 15).
6. The cell suspension is then aliquoted into freezing ampules, e.g., cryotubes or other

appropriate freezing vials (see Note 16). These vials should be labeled with the essential
information, including at least the cell name, passage number, date, and the name of the
individual storing the vials

7. Ampules are then placed into the freezing chamber of a programmable freezer if this is
available. A simple alternative is to place ampules into a polystyrene container and then
put this into a –70°C/-80°C freezer overnight. This achieves a cooling rate that approxi-
mates 1°C/min. Once ampules are at –70°C to –80°C, they can be transferred directly to
liquid nitrogen (see Note 17).

3.6.2. Recovery and Thawing
1. When thawing, cells should be warmed rapidly by removing an ampule from the liquid

nitrogen and placing it into a 37°C water bath (see Note 18). Ampules should be washed
with 70% ethanol before opening.

2. Once thawed the freezing solution should be placed into 10% serum/90% medium (1 mL
freezing solution into 20 mL serum/medium) and spun down at 600g for 5 min. This may
be repeated and this will effectively remove the DMSO from the cells (see Note 19).

4. Notes

1. If sufficient material is available, it is desirable to store some of the primary material in
liquid nitrogen. This is useful for later characterization.

2. The addition of antibiotics in media added to primary cultures is also a useful precaution
and combinations such as penicillin/streptomycin are widely used.

3. Various cocktails of digestive enzymes are used. For example, the cocktail suggested in
Chapter 8 for brain tissues include 0.002% DNase type I, 0.01% hyaluronidase type V,
and 0.1% collagenase type IV in RPMI 1640 and tissue is treated at 37°C for 1–3 h.

4. A number of strategies are used to help isolate and selectively aid the growth of cancer
cells compared to stromal (especially fibroblastic) cells when initially in culture. If the
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fibroblasts rapidly adhere but clusters of cancer cells are more loosely attached, these
clusters can be made to detach by tapping the flask. The floating clusters are then col-
lected by centrifugation of the medium and resuspended in a new flask. Similarly,
trypsinization can be used to separate rapidly attaching/detaching cells from more adher-
ent cell types. Finally, if clear cancer colonies are viewed by microscope in a “sea” of
fibroblasts, then after marking the positions of colonies with a marker pen on the base of
the flask, use a scraper to mechanically remove the fibroblast overgrowth.

5. Cells from suspensions can be cryopreserved at the outset to allow culture to be set up at
a later time.

6. The use of a higher percentage of serum (15–20%) can be helpful at the outset. Depend-
ing on the source of the culture, “conditioned medium “ that the cells were growing in,
e.g., ascitic or pleural effusion fluid, may provide some benefit and can be added at a
level of 10% final volume.

7. Subculturing is best performed when cells are still in log phase and at their healthiest.
8. The cells should be trypsinized for the minimum period necessary. This will vary from

cell-line to cell-line and may vary from 1 min to longer than 20 min. Tapping the flask
when cells have rounded up will also help detachment.

9. Different cell lines will take varying amounts of time to reattach after trypsinization.
Many cell lines will have reattached almost completely within 24 h but others take longer.
As the cell density is relatively low after subculturing it is important to ensure that the
media is well gassed; otherwise, it will become alkaline as the pH increases.

10. When growing in suspension live cells are typically bright when viewed under phase
contrast. Viability can be assessed by use of a vital dye such as Trypan blue (see Sub-
heading 3.5.2.).

11. Most cell lines will readily form single-cell suspension by repeated agitation with a
pastette. If this is not sufficient then a 10-mL syringe with an attached needle should be
used. Begin with a wide-bore needle and then try smaller-bore needles until a satisfactory
suspension is achieved. If a number of samples are to be counted, for example, from a 24-
well tray, then it is best to prepare only a few samples at a time as some cells may reclump
if left sitting for a prolonged period.

12. If the hemocytometer technique is routinely used, the counter and cover slips may be
stored in a small volume of 70% ethanol after cleaning, in readiness for next use.

13. When moistening the counter and cover slip do not overwet them. It is usually sufficient
to breathe on the counter or the cover slip prior to bringing them into contact. If this does
not work, then cooling the counter by running cold water over it may help. Staining of
cells often facilitates visualization and counting. Cells should be treated with 10% forma-
lin (time/conditions) and then stained with Trypan blue or other stain to increase visibil-
ity of the cells.

14. The freezing mixture can vary in composition. The key determinant is for the DMSO to
be present at 10%. Serum percentages can then vary from 20% to 90% with medium
making up the difference. Glycerol can be used instead of DMSO.

15. Cells are frozen at high cell densities and also recovered at high density.
16. Either plastic or glass ampules can be used. Plastic ampules have the advantage of

being presterilized and are easy to label; glass ampules, when sealed, are more likely to
exclude nitrogen.

17. Cells can be preserved in liquid nitrogen either in the liquid phase (–196°C) or in the
vapor phase (–120°C to –156°C).
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18. Care should be taken on thawing, as liquid nitrogen may cause ampules to explode. Liq-
uid nitrogen is hazardous and gloves and protective face equipment should be used when
handling it. DMSO can penetrate skin and carry dissolved products across the skin bar-
rier, so it should be handled with caution.

19. When a batch of cells is stored away, it is good practice to thaw one of the ampules to
confirm viability.

20. General safety considerations include the following:

a. All cell culture work should be undertaken in a microbiological safety cabinet, prefer-
ably Class II.

b. Aseptic technique should be used at all times in this cabinet.
c. The work surfaces should be sprayed with alcohol (or similar decontaminant) before

and after use.
d. All biological waste should be autoclaved and liquids or media treated with bleach.
e. Mouth pipeting should be avoided.
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Characterization and Authentication
of Cancer Cell Lines

An Overview

Simon P. Langdon

1. Introduction
With over 3000 cancer cell lines described in the literature and thousands in regu-

lar use, it has become essential to characterize and authenticate cell-line models.
Characterization of the properties of cell lines is important for a number of reasons.
First, the relationship of the cell line to the cells of origin should be established to
confirm that the cell line is derived from and is representative of its tissue of origin.
If the cell line is to have any value as a model it should reflect the properties of the
cell type from which it was derived. For example, for a cell line established from a
breast carcinoma it is helpful to show that the cell line has characteristics consistent
with breast and epithelial origin. Although the genetic profile should remain con-
stant, expression may change and features such as differentiation characteristics may
be lost over time in culture. Similarly, as the culture develops, certain clones may
emerge with selection and predominate. Particularly important is the need to check
for purity and potential cross-contamination with other cell lines. The history of cell
culture indicates that cross-contamination between cell lines is widely prevalent and
continues to be an ongoing problem (1–3). During the 1970s and 1980s, multiple
studies initiated by Stanley Gartler and Walter Nelson-Rees demonstrated that one
in three cell lines were either contaminated or even totally replaced by other cell
lines (4–8). The most frequent contaminant was the HeLa cervical carcinoma cell
line which had been established in 1951 (9) and had been widely distributed to many
research laboratories. As a result of its rapid growth rate, once mixed with other cell
lines it would generally outgrow them. Unfortunately this problem has not disap-
peared, and contamination continues to be widespread (1,2,10). This area is covered
in more detail in Chapter 30.
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 Cross-contamination between cell lines of the same species is not the only issue
since contamination with cell lines of other species is also frequent. Therefore meth-
ods are required that not only define and confirm the unique nature of a cell line but
also identify its species of origin (Fig. 1).

Definitive methods that characterize and authenticate the individuality and identity
of a cell line include DNA fingerprinting/profiling and cytogenetic analysis and these
are covered in detail in Chapters 4 and 5.

 Techniques to verify the species from which the cell line was obtained have been
developed and these are valuable not only to confirm the proposed origin of the cell
line but to check for the presence of contamination with other cell lines. Other levels
of characterization include the monitoring of the general features of the cell line and
these include observation of morphology, growth rates, colony-forming efficiency,
antigen expression, ploidy, and cell-cycle characteristics.

2. Authentication and Characterization of New Cancer Cell Lines
When a new cell line is being developed, consideration should be given to a num-

ber of issues (11). First, the origin of the cell line should be clearly established. This
is generally not too great an issue for cell lines being developed from primary tumors
but is more relevant if the surgical material is ascites, some form of effusion, or even
a metastatic deposit that is not fully validated. The latter is exemplified by the recent
redesignation of the SW626 cell line as likely to be of colon origin rather than ova-
rian cancer origin based on cytokeratin profiles (12) although it had been regarded as

Fig. 1. Methods of characterization for cancer cell lines.
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an ovarian cancer cell line since 1974. Clearly, the diagnosis of disease should not be
in dispute, and as much clinical and pathological information as possible should be
collected. Key data include histology, stage and grade of differentiation of the tumor,
treatment information (e.g., radiotherapy, chemotherapy), and whether there was a
response to treatment. It is essential that material from the origin of the cell line
should be stored. This is useful both for pathological verification of the diagnosis
(and to ensure that it was representative of the rest of the tumor) and also to provide
material for DNA fingerprinting/profiling and/or cytogenetic characterization for
comparison with the newly developed cell line.

As the cell line is expanding in culture, it is valuable and important to keep full
records of the development of the newly cultured line, in particular, the passage num-
ber. It is important to characterize cell lines at an early stage in culture, preferably
after only a few passages. Some expansion is needed for two reasons. First, enough
material is required to bank away samples of the cell line, maintain it in culture, and
for characterization. Second, the primary and early secondary cultures will generally
contain a mixture of cell types, for example, a new carcinoma culture in addition to
containing epithelial cells may contain other cell types such as fibroblasts or macroph-
ages, and some culturing is needed to allow these to be removed and a pure population
to emerge. Next, the new cell line should be tested for the presence of mycoplasma.

Recommendations have been made as to how the cell line might be designated (11).
The key considerations are that its name should be unique (so that it will not become
confused with other cell lines) and that it should remain anonymous with respect to the
patient. The first derived human cell line, HeLa, was named after the patient donating
the cells, Henrietta Lacks; however, in an attempt to preserve some degree of confi-
dentiality the donor was said to be Helen Lane or Helen Larson (13). This approach is
best avoided. Many designations attempt to indicate both the institute where cell line
was derived and also its type, for example, SKOV-3 (Sloan Kettering Ovarian Can-
cer). This is a helpful strategy. If the cell line is to be used extensively, it is important
to provide as much information as possible in the first publication of the cell line.
Consideration should also be given to whether the cell line should be placed into one
of the major cell culture banks.

3. DNA Fingerprinting and DNA Profiling

DNA fingerprinting has proven a valuable approach to authenticating and charac-
terizing cell lines (14–16). The technique was developed in 1985 by Alec Jeffries and
has since found extensive use in forensic DNA typing (17,18). This technique exploits
the variability found within the “noncoding” regions of the human genome, which
represent approx 90% of DNA bases. In the 10% of the genome that encodes genes,
variation between individuals is very limited. However, within the remaining 90% of
bases there is marked diversity between individuals, the assumed result of such re-
gions being of lesser importance for survival. Moreover, it has become evident that
large regions of this noncoding DNA are organized into repeat sequences called vari-
able number of tandem repeats (VNTR). Two types of repeat sequences have been
defined: minisatellites (repeat lengths of 10–100 bp) and microsatellites or short tan-



36 Langdon

dem repeats (STRs) (repeat lengths of 2–5 bp). Many of the initially identified VNTR
regions had large numbers of base pairs (20–50) per repeat and the number of repeats
could extend from 50 to several hundred. Such a region could therefore vary from
1000 bp to over 10,000. The number of repeats and the length of the VNTR is there-
fore very characteristic, and in a variable VNTR locus over 95% of the population will
have alleles of different lengths (i.e., are heterozogous at this locus). The probability
of two unrelated individuals having the same combination of allelic lengths at a speci-
fied VNTR locus is much less than 1%.

Several strategies have been developed to fingerprint or profile these variable
regions. These strategies can be divided into multilocus and single-locus approaches.
Multilocus probes interact with a range of loci throughout the genome, producing
“fingerprints” on Southern blot analysis. Analysis of single loci produces “profiles”
of single or double bands. Classical DNA profiling has used the large VNTR regions
and subjected these to restriction fragment length polymorphism (RFLP) analysis.
After digestion with a restriction enzyme, a VNTR region will usually produce
restriction fragments of two different lengths, one obtained from the paternal and
the other from the maternal chromosome. These are separated by electrophoresis
and identified by Southern blot analysis using targeted probes. Autoradiography can
then be used to detect the positions of the fragments. Having identified band posi-
tions by autoradiography, the membrane can be re-used and, once the first probe is
removed, further probes investigated. Analysis of from four to six VNTR loci will
then produce a highly specific DNA profile. Alternatively, membranes can be treated
with a mixture of probes to produce a “DNA fingerprint.” The probes are used at
lower stringencies and detect polymorphisms at multiple loci, yielding more infor-
mation. The major advantage of this method is the exploitation of the high degree of
variability in the VNTR regions so the likelihood of two individuals possessing the
same DNA profile is extremely low. The limitation of the method is that the restric-
tion fragments may not be clearly separated and it can be difficult to distinguish
fragments of similar but different lengths.

Current DNA profiling tends to analyze STR regions in conjunction with poly-
merase chain reaction (PCR) amplification of DNA. STRs are abundant polymorphic
loci and are dispersed throughout the genome. Each STR locus consists of a number of
core repeats of 2–5 bp in length, and in practice tetranucleotide repeats have been
shown to be very robust for PCR typing. This approach is both faster and less labor
intensive than RFLP analysis as many of the steps are automated. While RFLP analy-
ses typically require 20 nanograms of DNA, 1 nanogram is often sufficient for PCR-
based analysis. After amplification of the DNA using primers targeted to the STRs,
the size of the STR alleles are determined by electrophoresis of the PCR products.
Multiple STR loci are analyzed to obtain the same discriminatory power as single
locus systems. A recent report has proposed the use of STR profiling for producing an
international reference standard for human cell lines (19). Six unlinked autosomal and
one X-linked STR loci were used to determine individual genotypes. This method was
authenticated in 253 human cell lines, is relatively inexpensive <$200 per test, and is
commercially available.
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Cell banks have used a number of DNA fingerprinting techniques. Investigators
at the European Collection of Animal Cell Culture (ECACC) have used the probes
developed by Jeffreys (33.6 and 33.15) to confirm identity and differentiate between
closely related cell lines (15,16). Investigators at the DSMZ (German Collection of
Microorganisms and Cell Cultures) utilize a PCR technique to amplify minisatellite
loci (ampFL) in conjunction with RFLP analysis using (GTG)5 multilocus finger-
printing. This provides a sequential use of both fingerprinting approaches. This
method is described in Chapter 4.

4. Cytogenetic Analysis

Cytogenetic analysis has proven a useful method to distinguish individual cell lines
over the past two decades. Even with the advent of DNA profiling, which is techni-
cally more feasible for many laboratories, cytogenetic analysis  retains a useful
complementary approach to defining and characterizing an individual cancer cell line
or culture. It possesses some important advantages over profiling. First, the observa-
tion of specific chromosomal changes provides potential clues as to the changed biol-
ogy in the disease under examination, e.g., the role of the Philadelphia chromosome in
chronic myeloid leukemia (20). Microscopic observation allows the monitoring of di-
verging subgroups that may not be detected by biochemical sampling of whole popu-
lations. The development of fluorescence in situ hybridization (FISH) has also made
the technique available to the nonexpert cytogeneticist.

Conventional cytogenetics exploits several chromosome staining techniques to help
identify chromosomes and their modifications. These include trypsin Giemsa (G) (21),
quinacrine fluorescent (Q)(22), constitutive heterochromatin (C) (23), and reverse
Giemsa (R) staining (24). These stains produce distinct banding patterns which pro-
vide more detailed resolution of the chromosomes. The G-banding technique is in wide-
spread application and uses trypsin to first digest certain chromosomal proteins
producing strong staining bands after treatment with Giemsa. Quinacrine (mustard or
dihydrochloride) intercalates DNA and generates bands resulting from differential
quenching of the fluorescence and produces a pattern different to that of G-staining.
C-band staining emphasizes heterochromatin present at the centromeres while R-band-
ing provides a banding pattern different but as informative as G staining. The develop-
ment of FISH has provided the ability to probe at all levels from whole chromosomes
down to individual genes. FISH has several major advantages over traditional cytoge-
netic techniques. First, the resolution of FISH is often superior to that of classical band-
ing analysis. Second, it can be undertaken independently of the cell cycle since signals
can be visualized in interphase nuclei. With the use of different fluorochromes, FISH
can simultaneously detect multiple targets. This has led to the development of a num-
ber of multicolor applications (25), including multiplex-FISH (M-FISH) (26), spectral
karyotyping (SKY) (27), color-changing karyotyping (28), and combined binary ratio
labeling (COBRA) (29). These applications have provided a means of dealing with
the very complex karyotypes found in some tumors and their cell lines. Coincident
with the development of these techniques has been the requirement to develop imaging
instrumentation and software to visualize (and help interpret) these images.
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5. Methods to Verify Species of Origin

A variety of techniques are available to confirm the species of origin of cell lines.
These include isoenzyme profiling, cytogenetic analysis, species-specific antibody
staining, and PCR methods.

5.1. Isoenzyme Analysis

Certain enzymes exist as isoforms with varying structural configurations (isoen-
zymes), and the separate isoforms possess different electrophoretic mobilities. Each
species has a distinct isoenzyme profile, and this is reflected in characteristic migra-
tion patterns when analyzed by gel electrophoresis. Several enzymes have proven par-
ticularly useful for the purpose of distinguishing individual cell cultures (30-32) and
identifying the species of origin and they include glucose-6-phosphate dehydrogenase
(G6PD), lactate dehydrogenase (LDH), nucleoside phosphorylase (NP), malate dehy-
drogenase, mannose phosphate isomerase, peptidase B, and aspartate aminotrans-
ferase. Cell lysates are first subjected to electrophoresis on an agarose gel and then
allowed to react with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide) (MTT) in the presence of phenazine methosulfate and specific substrate to form
a purple formazan band. Migration ratios of the bands can then be compared against
standards or compared with expected ratio values. At least three enzymes are routinely
assessed and frequently these are G6PD, LDH, and NP. This technique generally
claims to detect a contaminant if present at a level of 10% or above (32) and has been
used by the cell collection banks to authenticate cell lines (33).

5.2. Cytogenetic Analysis

Cytogenetic techniques can readily identify interspecies contamination in cell
lines. Often, the appearances of chromosomes of differing species are sufficiently
different that simple microscopic observation of metaphase chromosomes indicates
intermixing or an incorrect species designation. A number of approaches have been
useful for differentiating between human and mouse chromosomes and have been
particularly useful in studies of human/mouse interspecies somatic cell hybrids.
These include C-banding and use of the Hoechst 33258 stain, which stains strongly
at centromeric regions (34). Another technique is the alkaline Giemsa staining,
which uses color to help differentiate chromosomes from separate species (35).
Simple ploidy, as detected by fluorescence-activated cell scanning (FACS) analysis
can also be a simple indicator as different species possess varying DNA contents.

5.3. Fluorescent Antibody Staining

This method involves the use of a species-specific rabbit antiserum to bind to target
cells that is then coupled to a fluorescently labeled anti-rabbit globulin. Labeled cells
are then observed by use of fluorescence microscopy. The dye fluorescein
isothiocyanate (FITC) is routinely used for this method. This technique claims to have
the ability to detect the presence of a single contaminating cell in a population of
10,000 (36).
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5.4. PCR

With the increasing availability of PCR in most laboratories, the use of selected
genomic targets provides a convenient approach to verifying species of origin (37,38).
The DSMZ uses this approach to verify the species of origin of cell lines (http://
www.dsmz.de/mutz/mutzpcra.htm), utilizing primer sets that amplify alu, β-globin,
and rDNA sequences. Following the PCR amplification of isolated genomic DNA,
agarose gel electrophoresis separates the amplified DNA segments according to size
and allows discrimination between cell lines originating from different species. This
can be verified further by restriction analysis using specific restriction enzymes to cut
the amplified DNA segments to varing lengths.

6. General Characteristics of Cancer Cell Lines

There are a number of simple parameters that are worth monitoring to ensure that
cancer cell lines are behaving in a reproducible manner. These are not generally sensi-
tive indicators and are unlikely to reveal subtle changes; however, their alteration
should warn that either the cell line is changing, something is amiss in the culture
environment, or that contamination (microbial or cellular) has occurred.

6.1. Morphology

Probably the most immediately apparent feature of a cell line is its microscopic
appearance. Many cell lines have very characteristic appearances in terms of cell size,
shape, and population growth patterns although these may be dependent on culture
conditions. For example, cells may have an epithelioid (rounded) or fibroblastic (elon-
gated) morphology that will be dependent on adhesion. Some cell lines grow in very
tight colonies while others scatter very readily. Some cell types, such as small-cell
lung cancer, will grow as suspension colonies with relatively few adherent cells. Ad-
hesion to the substrate varies enormously and there is a large variation in the rate that
cells will either attach to tissue or culture plastics and also detach on trypsinization.
Mycoplasma infection can influence adherence, and cultures demonstrating a change
in adhesion should be checked for the presence of contamination.

6.2. Cell Growth Rates and Colony Forming Efficiencies
Under regular growth conditions where the same sources of tissue culture reagents

are in use, cell lines have relatively constant growth rates and saturation densities.
Marked deviation from the regular values is an indication that something may be
wrong. Characteristic of a cell line under defined conditions is the percentage of cells
that are able to produce colonies, either in a matrix such as agar or on plastic.

6.3. Expression Profiles
Certain proteins can be particularly informative in helping to characterize cells and

their origins, and these can be measured by a wide variety of techniques such as West-
ern blotting, FACS analysis, or immunocytochemistry. Intermediate filaments are par-
ticularly helpful, including cytokerations (epithelial cells), vimentin (mesenchymal
cells), desmin ( myogenic cells), neurofilament protein (neurons), and glial fibrillar
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acidic protein (glial cells) (39,40). In addition to the above more general proteins,
many cell lines are strongly characterized by the presence of particular proteins. For
example, the MCF-7 breast cancer cell line is widely used for expression of high lev-
els of the estrogen receptor and demonstrated responses to it. Similarly the A431 vul-
val carcinoma line markedly overexpresses the epidermal growth factor receptor and
this feature has led to its extensive use.

6.4. Ploidy and Cell Cycle Characteristics
Many laboratories now possess flow cytometers, which can be used to monitor two

simple parameters of the cell line, namely DNA content and cell cycle distribution.
Analysis of nuclear DNA content by staining with DNA-interacting agents, such as

propidium iodide can indicate first the ploidy content of the cell and secondly the
percentage of cells in the differing stages of the cell cycle (G0,G1,S,G2/M).

6.5. Summary
The above general features of cell lines are too nonspecific to be used to define a

cell line but are valuable as simple monitors to indicate that a cell line is behaving in a
reproducible and defined manner. Sudden changes in these characteristics should alert
the tissue culturist to potential problems that may cause unwanted effects and may
indicate that more detailed characterization is necessary. Often, if a problem is not
persistent, it is easiest to discontinue a culture and obtain fresh material from liquid
nitrogen. Similarly, if a cell line is maintained for only a limited period of time in
culture (for example, 10 passages) before replacement with fresh stocks, then pheno-
typic drift should be minimal.
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Authentication of Cancer Cell Lines
by DNA Fingerprinting

Wilhelm G. Dirks and Hans G. Drexler

1. Introduction

1.1. History of Cell Line Identification
The requirement for authentication of cell lines has a history almost as long as cell

culturing itself, presumably beginning when more then one cell line could be cultured
continuously. The application of specific species markers, including cell-surface anti-
gens and chromosomes, showed that interspecies misidentification was a widespread
problem (1,2). Subsequently, it was shown that intraspecies contamination of human
cell cultures was also a serious problem that could be monitored by the innovation of
isoenzymatic analysis (3). After extending this approach to multiple polymorphic
isoenzymes, the persistence of specific marker chromosomes 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 investigations 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 dem-
onstrated an incidence of 18% of false human cell lines (7–9), indicating intraspecies
cross-contaminations as a chronic problem and highlighting the badly neglected need
for intensive quality controls regarding cell line authenticity.

1.2. DNA Fingerprinting Technologies
Compared to polymorphic isoenzymes or marker chromosomes, a much higher

resolution in discrimination among human cell lines was achieved using restriction
fragment length polymorphism (RFLP) of simple trinucleotide repetitive sequences
(10), subsequently leading to the concept of “DNA fingerprinting” (11). The prin-
ciple of “DNA fingerprinting” is based on the phenomenon that genomes of higher
organisms harbor multiple variable number of tandem repeat (VNTR) regions, show-
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ing multi-allelic 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 1–6 bp (see Table 1).

 Both categories of repeats can be governed by one definite locus or are spread all
over the genome and belong to the single-locus system (SLS) or multiple-locus sys-
tem (MLS), respectively. Using SLS fingerprinting, a few loci used in sequential
combination can distinguish between two individuals who are not identical twins.
MLS fingerprints using hundreds of relevant polymorphic loci in a single step have
generally a higher resolution potential but also a restriction to classical restriction
fragment length polymorphism (RFLP) analyses. With the advent of the polymerase
chain reaction (PCR) technology and availability of complete sequence information
of the human genome, DNA fingerprinting has been revolutionized. The number of
accurately mapped mini- and microsatellite markers available are greater by 100-fold
for each chromosome. The primer sequences for amplification of specific STRs or
VNTRs, as well as the information on the PCR product sizes and estimated heterozy-
gosity, are available from a number of genome databases within the World Wide
Web (see Note 1).

1.3. Tasks of DNA Fingerprinting in Scientific Cell Culture
Most facilities culturing cells use multiple cell lines simultaneously. Because of the

complexity of experimental designs today and because of the fact that the broad use of

Table 1
Amplifiable Human Fragment Length Polymorphism Loci

Repeat Product
Chromosomal length length Heterozygosity

Designation Status Synonym location (bp) (bp) (%)

Minisatelite VNTR

Apo-B1 SLS — 2p23-p24 15 522–909 80a

Col2A1 SLS — 12q12-q13.1 31–34 600–850 81b

D1S80 SLS MCT118 1 16 400–940 85c

D17S5 SLS YNZ22 17p13.3 70 168–1080 78d

D2S44 SLS YNH24 2pter 31 600 to >5000 97e

PAH SLS — 12q22-q24.2 30 370–760 78f

Microsatelite STR

(GTG)N MLS — Chromos. ends 3 10 to >15000 >99.9g

VNTR, variable number of tandem repeats; STR, short tandem repeats; SLS, single-locus system;
MLS, multiple-locus system.

a-gWith regard to heterozygosity, see Dirks et al. (9).
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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 cooperation 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 seem to appear as the “pecca-
dillo” of scientists, since publication of alerts on misidentified or cross-contaminated
cell lines are most often simply ignored by the scientific community. Routine identifi-
cation and early detection of contamination of a given cell line with another should
prevent mistaken interpretation of experimental results.

A typical modern laboratory applying molecular biology and cell culture techniques
is normally not equipped with expensive robots and kits for forensic DNA profiling.
Therefore, the purpose of this chapter is to describe a rapid, practical, inexpensive,
and reliable method with a high discrimination potential for students, technicians, and
scientists. The fingerprinting protocols below are based on standard techniques in-
cluding PCR and enable the following features:

1. Authentication of a newly generated and immortalized cell line if DNA of the respective
patient/donor is available (see Note 2).

2. Confirmation of cell line identity between different passages of an intensively used cell
line, e. g., the human embryonic kidney cell line 293 (HEK 293; see Note 3).

3. Evaluation of “purity” of a given cell line and detection of the percentage of cell mixture
in an early stage of contamination.

4. Characterization of somatic hybrid cell lines involving human cells.
5. Mapping of loss of heterozygosity of chromosomal regions, for example, to detect tumor

suppressor genes.

The following subheadings present the technique of multiplexed PCR amplifica-
tion fragment length polymorphism (AmpFLP) of six prominent and highly polymor-
phic minisatellite VNTR loci (see Table 1) and one additional locus for sex
determination using the detection of the SRY gene on the Y chromosome. The combi-
nation of six VNTRs increases the exclusion rate to a sufficient extent and allows
discrimination of one human cell line from another at the level of 106. In order to rule
out any false positives, it is highly recommended that suspicious cell lines are tested
further using the multi-locus fingerprint system if they reveal identical or similar DNA
profiles based on AmpFLP VNTR. The combination of rapidly generated DNA pro-
files based on single-locus VNTR loci and confirmation of duplicate AmpFLP band-
ing patterns using multi-locus fingerprints, constitutes a highly reliable and robust
method independent of the quantity of individual cell lines examined.

2. Materials

2.1. DNA Extraction
1. Phosphate-buffered saline (PBS): 140 mM NaCl, 27 mM KCl, 7.2 mM Na2HPO4 · 12

H2O, 14.7 mM KH2PO4, pH 7.2; autoclave.
2. Absolute isopropanol and absolute ethanol.
3. TE 10/1: 10 mM Tris-HCL, 1 mM EDTA, pH 8.0, prewarmed to 50°C.
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4. High Pure PCR Template Preparation Kit (Roche) (see Note 4).
5. Water bath prewarmed to 72°C.
6. Standard tabletop microcentrifuge capable of 13,000g centrifugal force.

2.2 Multiplex PCR Fingerprinting
1. Thermal cycler: Perkin Elmer Cetus 480 (see Note 5).
2. Taq DNA polymerase (Qiagen); 10X PCR reaction buffer (Qiagen); 5X Q-solution

(Qiagen).
3. 6X Loading buffer: 0.01% (w/v) bromophenol blue, 0.01% (w/v) xylene cyanol, 60%

glycerol (v/v), 60 mM EDTA.
4. Primer (any supplier): (see Table 2). The primers should be concentrated at 100 µM in

TE (10/1) as stock solutions and stored at –20°C, while working solutions should be
aliquoted at 10 µM in small amounts (approx 25–50-µL aliquots) and stored frozen at
–20°C.

2.3. Multi-locus DNA Fingerprinting
2.3.1. Restriction Endonuclease Digestion

1. 2-mL reaction tubes.
2. Multiblock heater.
3. Microcentrifuge.
4. Disposable pipets.
5. Restriction endonuclease Hinf I (high concentration 50 U/µL).
6. 10X Hinf I restriction buffer.
7. 5X gel loading buffer.
8. Bidistilled water

Table 2
Primer Sequences of Highly Polymorphic Human VNTR Loci

Primer designation Primer sequences

ApoB1-F 5'-ATGGAAACGGAGAAATTATGGAGGG-3'
ApoB1-R 5'-CCTTCTCACTTGGCAAATACAATTCC-3'

D1S80-F 5'-GAAACTGGCCTCCAAACACTGCCCGCCG-3'
D1S80-R 5'-GTCTTGTTGGAGATGCACGTGCCCCTTGC-3'

D17S5-F 5'-AAACTGCAGAGAGAAAGGTCGAAGAGTGAAGTG3'
D17S5-R 5'-AAAGGATCCCCCACATCCGCTCCCCAAGTT-3'

D2S44-F 5'-AGCAGTGAGGGAGGGGTGAGTTCAAGAG-3'
D2S44-R 5'-GAAAACACTTCAGTGTATCTCCTACTCC-3'

COL2A1-F 5'-CCAGGTTAAGGTTGACAGCT-3'
COL2A1-R 5'-GTCATGAACTAGCTCTGGTG-3'

PAH-F 5'-GTTATGTGATGGATATGCTAATTAC-3'
PAH-R 5'-GTGGTGTATATATATGTGTGCAATAC-3'

SRY-F 5'-CTCTTCCTTCCTTTGCACTG-3'
SRY-R 5'-CCACTGGTATCCCAGCTGC-3'
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9. Absolute isopropanol (–20°C).
10. 70% (v/v) ethanol (–20°C).

2.3.2. Agarose Gel Electrophoresis.
1. 500-mL Erlenmeyer flask.
2. 1X Tris-Acetate-EDTA (TAE)-buffer: (40X TAE stock solution: 1.6 M Trizma base, 0.8

M Na-Acetate, 40 mM EDTA. Adjust pH to 7.2 with glacial acetic acid).
3. Ultra Pure agarose.
4. Microwave oven.
5. Electrophoresis system consisting of gel tray and comb, electrophoresis chamber and

power supply, digoxigenin-labeled molecular weight DNA marker II (Roche), ethidium
bromide (5 mg/mL), and UV-transillumination screen.

2.3.3. Blotting and Hybridization
1. Whatman paper.
2. Nylon membrane positively charged (Roche).
3. Parafilm, 2 glass plates (30 cm × 30 cm), paper towels, 500-g weight, 0.4 M NaOH.
4. Oven capable of 120°C temperature for DNA fixation.
5. Rotatable hybridization oven, plastic wrap.
6. 6X SSC: 0.9 M NaCl, sodium citrate, pH 7.0), 0.4% (v/w) blocking reagent (Roche) in 6X

SSC, pH 7.0.
7. Prehybridization solution: 28 mL bidistilled water, 16 mL 25% (v/w) dextran sulfate, 4

mL 10% (v/w) SDS, 2.32 g NaCl, 100–200 µg/mL of heat-denatured E. coli DNA.
8. Hybridization solution: 10 mL of prehybridization solution complemented with 100-130

pmol of the digoxigenin-labeled oligonucleotide (GTG)5 for 150 cm2 of membrane.
9. Stringency washes: wash buffer I : 3 X SSC (pH 7.5) ; wash buffer II : 3 X SSC (pH7.5),

0.1% SDS.

2.3.4. Chemiluminescent Detection of Digoxigenin-Labeled DNA
1. Maleic acid buffer: 0.1 M maleic acid, 0.9 M NaCl; adjust pH to 7.5 with conc. NaOH,

autoclave.
2. 10% (v/w) blocking reagent in maleic acid buffer.
3. Wash buffer A: 0.3 % (v/v) Tween-20 in maleic acid buffer.
4. Activation buffer: 0.1 M Tris-HCl, 0.9 M NaCl, 50 mM MgCl2; adjust pH to 9.5 with HCl.
5. Substrate solution: CSPD (Roche) 1/100 dilution in activation buffer; X-ray developer,

X-ray fixer, X-ray film, X-ray film cassettes.

3. Methods
3.1. Preparation of High-Molecular-Weight DNA

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

1. In order to prevent isolation of DNA fragments from apoptotic cells take the cell lines to
be tested for identity from cell cultures with viabilities over 80%.
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2. Centrifuge the cell culture suspension containing 3-5 × 106 diploid cells in a 15-mL tube
at 2000g for 4 min. Remove the supernatant with a disposable pipet and discard. Resus-
pend the remaining pellet carefully in 5 mL PBS using a pipet and centrifuge again.

3. After the washing step, resuspend the pellet in 200 µL PBS by vortexing. Make sure that
tiny clumps of cells are carefully resuspended. Prewarm the waterbath to 72°C.

4. To isolate the genomic DNA, the commercially available DNA extraction kit from Roche
is applied. Add 200 µL of solution I (guanidinium-hydrochloride), well mixed, to the
sample solution and mix by pipeting.

5. Immediately add 40 µL proteinase K, mix well using a vortex, and incubate at 72°C for
10 min.

6. Add 100 µL of isopropanol to the sample, mix well, and apply the whole mixture to a
filter tube. Centrifuge for 1 min at 6000g.

7. Discard the flow-through, add 500 µL of inhibitor removal buffer, and centrifuge again
for 1 min at 6000g.

8. Discard the flow-through, add 500 µL of wash buffer, and centrifuge again for 1 min at
6000g.

9. Repeat step 8.
10. Add a new tube and 200 µL of elution buffer preheated to 72°C and centrifuge for 1 min

at 6000g. For maximum yield repeat the elution step using 100 µL elution buffer. The
purified genomic DNA concentration should be approx 10 ng/mL per sample, depending
on the ploidy status of the cell line used. The genomic DNA should be stored at 4°C.

3.2. Hotstart Multiplex PCR Fingerprinting

The amplification procedure and the parameters described here are optimized for
the application in 0.5-mL reaction tubes in a Perkin Elmer DNA Thermal Cycler 480
(see Note 5). An adjustment for any other equipment may be necessary. Follow strictly
general rules to avoid DNA carryover contaminations.

1. Carry out DNA extraction using equipment (pipets, microcentrifuge, etc.) that is indepen-
dent from the PCR set up. Optimally, separate the laboratory used for this procedure from
rooms where the PCR reaction is set up or the PCR products are analyzed.

2. Use reagents that have been stored in small aliquots to provide a constant source of un-
contaminated reagents. Test new aliquot batches and compare for quality prior to use.

3. Never carry out reamplifications.
4. If possible, set up the reactions in a PCR working station or a hood that allows for irradia-

tion of used pipets, tips, and tubes by UV-light.
5. It is highly recommended that gloves be worn during the whole procedure.

Furthermore, it is also fundamental to integrate the appropriate positive and nega-
tive controls, e.g., HeLa DNA and H2O, respectively). Prepare a premaster mix calcu-
lated for 50 µL per reaction of each sample, plus 1 additional reaction according to
Table 3.We recommend using colored tubes for aliquots of primer stocks as well as
for the premaster mixtures and PCR reactions for the individual loci.

1. Transfer 40 µL of the premaster mix to 0.5 mL PCR reaction tubes according to the
sample number. Add 1 µL dH2O to the water control reaction.

2. Prepare the Taq DNA polymerase mix (10 µL per reaction, plus 1 additional reaction)
containing 1X PCR buffer and 1 U Taq polymerase per reaction. Keep the mixture on ice.
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3. Store all reagents used for the preparation of the master mix and take out the samples of
DNA to be tested. Do not handle the reagents and samples simultaneously or with the same
gloves. Add 1 µL of the DNA preparation (approx 10–20 ng) to the reaction solutions.

4. Transfer the reaction mixtures of step 1 without Taq polymerase to the thermal cycler, add
carefully a drop of oil (if necessary) and start one cycle with the following parameters:

Cycle step 1: 5 min at 95°C
Cycle step 2: 3 min at 75°C
Cycle step 3: 2 min at 55°C (or 62°C for D2S44 only, see below)
Cycle step 4: 5 min at 72°C

During cycle step 2, open the thermal lid and add 10 µL of the Taq polymerase mix to each
tube to perform a hot start PCR. For many samples, the duration of this step can be prolonged.
Open and close each reaction tube separately to prevent evaporation of the samples when no
oil is used. Allow at least 30 s after closing the lid of the thermal cycler to equilibrate the
temperature within the tubes and to remove condensate from the lid before continuing to the
next cycle step.

5. After this initial cycle, perform 35 thermal cycles with the following parameters:

Common program D2S44 only

Cycle step 1: 4 s at 95°C 4 s at 95°C
Cycle step 2: 1 min at 55°C 2 min at 62°C
Cycle step 3: 1 min at 72°C 2 min at 72°C

plus 1 s of extension time during each cycle.

6. The reaction is finished by a final amplification step at 72°C for 10 min and the samples
are then cooled to room temperature.

7. Prepare a 1.2% agarose-TAE gel containing 0.1 µg/mL of ethidium bromide. Submerge
the gel in 1 X TAE and add 10 µL of the amplification product (8 µL reaction mix plus
2 µL of 6X loading buffer to each well) and run the gel at 10 V/cm. Visualize the
specific products on a UV screen and save the image for documentation (see Fig. 1).

8. With regard to precise fingerprinting, we recommend using a gel-analyzing software pro-
gram (any supplier) capable of fragment length determination and of saving the DNA
profiles into a database.

Table 3
Preparation of Premaster Mixtures for Printing Individual Single-Locus Spots

Apo-B1 D17S5 D1S80 D2S44 Col2A1 PAH SRY
Stock-solution (blue) (red) (yellow) (green) (white) (orange) (pink)

10X PCR buffer 4 4 4 4 4 4 4

5X Q-solution — 10  10 10 10 — 10

dNTP (2 µM) 1 1 1 1 1 1 1

Forward/reverse primer 1 1 0.5 2 1 1 1

Bidest. H20 33 23 24 18 23 33 23

DNA (10–20 ng/µL) 1 1 0.5 5 1 1 1
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3.3. High Resolution Multi-locus DNA Fingerprinting
DNA profiles generated by the use of multi-locus probes result in a banding pattern

harboring 30–50 bands in each lane. It is important to place suspicious cell lines in
neighboring lanes, if they have revealed identical or similar DNA profiles based on
the AmpFLP VNTRs technique.

Fig. 1. AmpFLP VNTR DNA profiles of prominent human cross-contaminating cell lines.
Genomic DNA of cell lines was used to amplify alleles from Apo-B1, D17S5, D1S80, and
D2S44. After size determination of the amplicons from each loci on a separate gel using gel
analyzing software, the data are entered in a database, creating a specific DNA profile for each
cell line. Lanes 1–13: 1, HeLa, human cervix carcinoma; 2, CCRF-CEM, human T-cell leuke-
mia; 3, CTV-1, human acute myeloid leukemia; 4, NALM-6, human B cell precursor leuke-
mia; 5, HEL, human erythroleukemia; 6, SCLC-21H, human small cell lung carcinoma; 7,
DU-145, human prostate carcinoma; 8, T-24, human urinary bladder carcinoma;
9, COLO-800, human melanoma; 10, U-937, human histiocytic lymphoma; 11, HT-29, human
colon adenocarcinoma; 12, SK-HEP-1, human liver adenocarcinoma; 13, K-562, human
chronic myeloid leukemia in blast crisis.
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3.3.1. Restriction Endonuclease Digestion of Genomic DNA
1. Adjust every DNA sample containing 25 µg genomic DNA to 800 µL of volume using TE

(10/1) buffer. (Do not vortex the DNA solution prior to restriction endonuclease diges-
tion, as this may cause random shearing.) Set-up the following reaction in a 2.0 mL sterile
reaction tube:

10X Enzyme buffer: 100 µL
Restriction enzyme: 150 U
25 µg DNA: 800 µL
Adjust with TE buffer (10/1): 1000 µL

2. After adding all components, flick tubes briefly and spin the tubes in a microcentrifuge
for a few seconds. Incubate in a 37°C multiblock heater or water bath for 4 h on a slow
shaking platform (see Note 6).

3. Add 800 µL of ice-cold isopropanol and flick tubes to mix.
4. Centrifuge at 13,000g for 30 min. Remove isopropanol immediately using a stretched

glass pipet.
5. Add 200 µL of ice-cold 70% ethanol; vortex the tubes to wash DNA (may be stored

overnight or longer at –70°C). Remove as much as possible of the ethanol and allow to air
dry for about 10 min. (To prevent difficulties on resuspension, do not over-dry DNA
pellets in a speed-vac.)

6. Resuspend DNA pellet in 20 µL of TE buffer. Pipeting up and down a few times acceler-
ates the resuspension process. Add 10 µL of gel loading buffer, vortex briefly, and
microcentrifuge for a few seconds before loading the gel.

3.3.2. Agarose Gel Electrophoresis

1. To prepare a 0.7 % agarose solution, add 1.75 g of agarose to 250 mL 1X TAE buffer in
a 500 mL Erlenmeyer flask.

2. Dissolve the agarose solution by heating in a microwave oven. When the agarose is com-
pletely dissolved, replace the water lost from evaporation with double-distilled water and
mix gently.

3. Allow the agarose solution to cool down to 55–60°C before pouring into the gel mold.
4. While the agarose is cooling, prepare the gel mold by applying two pieces of autoclave

tape across the open ends. Place the gel mold on a level surface. Pour the cooled agarose
solution over the entire gel mold. Break any bubbles that may be present and immediately
insert the toothcomb (1-mm thickness recommended).

5. Allow the agarose to solidify for 30 min and another 30 min at 4°C.
6. Remove the tapes from each end of the gel mold and place it into the electrophoresis

apparatus. (If possible, the gel run should be carried out at 4°C, otherwise cool down the
running buffer on ice.)

7. Fill the electrophoresis chamber with 1X TAE so that the buffer is about 5 mm above the
surface of the gel.

8. Load samples and markers (digoxigenin-labeled analytical markers and 1 kb ladder) into
the designated wells.

9. Electrophorese, with circulating buffer, at 40 V (constant voltage) for 19 h or until the
bromophenol blue dye has migrated to the bottom edge of the gel.

10. Stain DNA in the gel with ethidium bromide solution for 20 min and destain with two
rinses of double distilled water.
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11, Photo documentation: Carefully slide the gel onto the transilluminator and photograph
the gel with an autoradiogram ruler placed adjacent to the marker lane (1 kb ladder) for
orientation.

12. Trim excess of agarose from the gel, and prepare for Southern transfer.

3.3.3. Southern Blotting and DNA Fixation
The objective is to set up a flow of buffer from the reservoir through the gel and the

membrane, so that the DNA fragments are eluted from the gel and transferred onto the
membrane, where they will be fixed.

1. A box (22 × 22 cm) should be wrapped with 3MM Whatman paper and placed in the
middle of the buffer tray or dish.

2. Apply a plastic frame with a window (for example, Parafilm stripes) that is 1 cm shorter
in length and width than the size of the gel and place it onto the wick. The Parafilm serves
as a barrier to prevent transfer buffer from bypassing the gel (short circuiting).

3. Fill the buffer tray with 0.4 M NaOH (at least 500 mL) until the solution is 3 cm under-
neath the gel. Carefully place the gel, wells facing down, on the wick in the middle of the
plastic frame and ensure that the edges of the gel and the frame have a 0.5-cm overlap at
each site. Avoid scratching the back of the gel!

4. Center the nylon membrane on top of the gel and wet the membrane with 0.4 M NaOH.
Remove all bubbles between the membrane, gel, and wick by rolling smoothly over the
surface of the membrane using a 10-mL pipet. Do not apply too much pressure to the gel
as this may cause distortion.

5. Wet two pieces of Whatman 3MM paper of the same size as the gel in 0.4 M NaOH and
place them on top of the membrane. Remove air bubbles between the membrane and the
Whatman 3MM paper.

6. Layer on a 3-in stack of paper towels, place the glass plate and then the 500-g weight on top of
the stack, and ensure that the weight and paper towels cannot tilt.

7. Allow the transfer to proceed for 8–20 h.
8. Remove paper towels and mark the position of the comb slots and the outline of the gel

onthe membrane with a fine-up marker.
9. Place the damp membrane on a piece of Whatman 3MM paper and bake in an oven at

120°C for 30 min.
10. Remove the membrane from the oven. The membrane can be used immediately for

prehybridization/hybridization or stored dry at 4°C.

3.3.4. Preblocking, Prehybridization, and Hybridization
Prehybridization prepares the membrane for probe hybridization by blocking non-

specific nucleic acid binding sites to reduce background activity. It is recommended
that a rotating hybridization oven be used; otherwise carry out the following coating
procedure of the membrane using a plastic bag and a waterbath.

1. Place the membrane in a plastic bag with 10 mL 0.5% blocking reagent buffer and shake
the membrane slowly for 1 h on a rotating platform at room temperature.

2. Incubate the membrane in 5–10 mL prehybridization solution prewarmed to 42°C in a
rotating hybridization oven for 4 h.

3. Discard the prehybridization solution and replace it with 5–10 mL of prewarmed hybrid-
ization solution containing 10–20 pmol/mL of digoxigenin-labeled oligonucleotide GTG5

(see Note 7).
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4. After incubation overnight with rotating, discard the hybridization solution and replace with
prewarmed wash buffer I. Wash the membrane for 25 min at 42°C and repeat this step.

5. Wash membrane twice using prewarmed wash buffer II for 10 min. Proceed immediately
to the detection procedure or store the membrane in wash buffer I at 4°C.

3.3.5. Chemiluminescent Detection of Digoxigenin-Labeled DNA

Chemiluminescent detection is a three-step process whereby the membrane is first
treated with a milk powder solution to prevent nonspecific attraction of the antibody to
the membrane. Second, the membrane is incubated with a dilution of antidigoxigenin
Fab fragments, and finally incubated with a chemiluminescent solution, which is the
substrate for generation of photons recorded on a X-ray film. Keep the membrane wet
throughout the following procedure:

1. Block the membrane in 150 mL of 2% blocking buffer for 30 min at room temperature
using a clean dish. Centrifuge the antibody at 15,700g for 1 min in order to reduce back-
ground activity. Dilute the antidigoxigenin alkaline phosphatase Fab fragments 1/10,000
in a volume of 20 mL (approx 150 mU/mL).

2. Place the membrane in a heat-sealable plastic bag which has one or two unsealed sites,
pipet the antibody solution, and remove all air-bubbles.

3. Heat-seal the plastic bag and incubate the membrane for 30 min on a rotating platform at
room temperature.

4. Discard the antibody solution. Using a clean dish, wash the membrane twice for 15 min at
room temperature using 200 mL of wash buffer A.

5. Pour off the wash buffer and incubate for 2 min in 100 mL of activation buffer.
6. Place the membrane in a plastic bag and add 10 mL of 1/100 dilution of CSPD chemilumi-

nescent for 2 min. Ensure that the solution is completely distributed over the membrane.
7. Place the membrane between two sheets of Whatman 3MM filter paper and wipe to remove

excess CSPD solution.
8. Heat-seal the wet membrane into a new plastic bag or protect the membrane with a cling

film and expose the membrane to an X-ray film for various time periods (5, 15, and 30
min). Select the exposure time for optimal signal intensities.

9. Take a picture of the autoradiograph and save the image for documentation (see Fig. 2).
We recommend using a gel-analyzing software (any supplier) capable of fragment length
determination and saving the DNA profiles in a database.

4. Notes

1. A good starting point for searching for microsatellite markers on a specific chromosome
or for information on given markers with regard to PCR product sizes, allelic frequencies,
or heterozygosity is the home page of the National Human Genome Research Institute at
the National Institutes of Health, Bethesda, USA (http://nhgri.nih.gov/).

2. The establishment of cell lines from specific tumors should be carried out according to the
guidelines of Drexler et al. (13). With regard to an unequivocal authentication procedure,
nonpathogenic tissue material should be taken at the same time the tumor material is taken
from the donor. It is convenient to prepare genomic DNA from blood lymphocytes. In
general, 10 mL of blood will provide sufficient DNA for thousands of PCR assays.

3. The main reason for the still increasing frequency of cross-contaminated cell cultures is
the uncontrolled and blind-faith exchange between scientists. It is imperative that scien-
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Fig. 2. Multi-locus (GTG)5 DNA profiles of human cell lines.The autoradiograph shows a
multi-locus DNA fingerprint using (GTG)5 oligomers as a probe. 10 µg of DNA of indicated
cell lines were digested to completion, size-separated on a 0.7% agarose gel, and blotted onto
a nylon membrane. After hybridization with (GTG)5 and washing procedures, a chemilumi-
nescent detection of the probe was carried out as described in Subheading 3.3. The blot was
exposed for 30 min to an X-ray film. Lanes M and 1–7: BEWO, human choriocarcinoma;
JAR, human choriocarcinoma (derivative of BEWO); JVM-2, human chronic B cell leukemia;
NK-92, human natural killer lymphoma; MOLT-14, human T cell leukemia; 5637, human
urinary bladder carcinoma; PEER, human T-cell leukemia.

tists obtain the relevant cell cultures from reputable sources like cell banks, which rou-
tinely verify the quality and authenticity of the material (ATCC in USA: www.atcc.org;
DSMZ in Europe: www.dsmz.de).

4. The use of other kits capable of isolating genomic DNA is possible but has to be opti-
mized in order to avoid the presence of inhibitory substances in the DNA preparations.
Generally, DNA can be safely stored at 4°C temperature for several months. We recom-
mend freezing aliquots of genomic DNA for long-term storage, but repeated freeze-thaw-
ing will cause shearing of the high molecular weight DNA.

5. The use of thermal cyclers other than the Perkin Elmer Cetus 480 might require some
modifications in the amplification parameters, for example, duration of the cycling
steps, which are shorter in comparison to other applications. Also Mg2+, primer, or
dNTP concentrations might need to be altered. The same is true if other kinds of Taq
polymerase are used or obtained from different suppliers; for example, we found that
the parameters described were not transferable to HotStarTaq with a prolonged dena-
turation step (Qiagen).
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6. Because of the viscosity of high molecular weight DNA we recommend placing the DNA
samples on a shaking platform with 80 rpm during restriction endonuclease digestion.

7. Nearly all suppliers of oligonucleotides offer the possibility of labeling the primers chemi-
cally with digoxigenin. We recommend placing a single digoxigenin label at the 5'-posi-
tion of the primer.
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Cytogenetic Characterization of Tumor Cell Lines

Roderick A. F. MacLeod and Hans G. Drexler

1. Introduction
1.1. Background: The Utility of Cytogenetic Characterization

The total number of human tumor cell lines is probably too great to count accu-
rately, but given the established sum from hematopoietic tumors alone, over 1000
known samples (1), the grand total may well exceed 10,000. Because only a minority
of these cell lines are in regular use, individuals describing new cell lines should jus-
tify their establishment during characterization.

There are several reasons why cytogenetic data have come to define a core ele-
ment of tumor cell line characterization; the principal reason is the unique key they
provide to their neoplastic origins. A wide range of tumors have been shown to dis-
play consistent and often distinct types of chromosome rearrangement that allow the
neoplastic descent of cell lines carrying such changes to be inferred (2). Data docu-
menting a myriad of cytogenetic correlations with the various malignant diseases
they are associated with are compiled and continually updated, principally by Felix
Mitelman and his colleagues, and are now accessible online at http://cgap.nci.nih.gov/
Chromosomes/Mitelman.

Recurrent chromosome changes provide a portal to underlying mutations at the DNA
level in cancer, and any cell lines bearing these changes provide ideal territory for
mining them. It seems that the phenomenon of recurrent chromosome changes in vari-
ous types of neoplasia reflects developmentally programmed patterns of gene expres-
sion and responsiveness within diverse cell lineages (3). Dysregulation of sensitive
genes facilitates evasion of existing antineoplastic controls, including those mediated
by cell cycle checkpoints or apoptosis. The tendency of cells to produce certain types of
neoplastic mutations via chromosomal mechanisms, principally translocations, dupli-
cations, and deletions renders these changes microscopically visible, thereby facilitat-
ing cancer diagnosis by chromosome analysis. Arguably, of all neoplastic changes those
effected chromosomally combine the greatest informational content with the least like-
lihood of reversal. This is particularly true of the primary cytogenetic changes that play
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key roles in neoplastic transformation and whereby the neoplastic phenotype and cell
proliferation ultimately depend. Therefore, all cell lines established from patients with
chronic myeloid leukemia (CML) with t(9;22)(q34;q11) causing fusion of BCR at
Chr 22q11 with ABL at Chr 9q34, which is known to be the primary change in this
disease, retain this change in vitro (4).

Multiple karyotypic changes in different subclones of HeLa cells (enabling HeLa
contamination to be detected at a glance) have been conserved despite separate culture
for over half a century, even though none have been shown to play a specific patho-
logical role in the tumor of origin (cervical carcinoma). This suggests that secondary
chromosome changes may also be stable in vitro. Nevertheless, it is not yet possible to
classify certain important types of tumors cytogenetically, and disappointingly few
specific recurrent changes have been described in the various epithelial tumors. Hence,
the usefulness of karyotype analysis for the characterization of cell lines lies princi-
pally among those derived from tumors with stronger associations with specific chro-
mosome rearrangements, i.e., hematopoietic (5), mesenchymal, and neuronal (6),
rather than epithelial tumors.

Microscopic, unlike biochemical, methods facilitate direct observations performed
at the single cell level enabling detection of intercellular differences. Accordingly, a
second virtue of cytogenetic data is in the detection of distinct subclones (present in
many cell lines) and the monitoring of stability therein. With the exception of doublings
in their modal chromosome number (tetraploidization), human tumor cell lines appear
to be more stable than commonly supposed (6,7). Although not to deny the existence of
aneuploidy and structural cytogenetic alterations arising in vitro, data directly docu-
menting chromosome instability remain scarce. In particular, few or no longitudinal
studies of long-term cytogenetic stability have been published using material cloned to
exclude outgrowth of cryptic subclones, a plausible alternative explanation. Indeed,
one of very few studies of long-term stability documented by cytogenetic methods sen-
sitive enough to allow detection of subtle cytogenetic changes failed to detect any chro-
mosome instability in a cytogenetically rearranged human myeloid leukemia cell line
(GF-D8) over long-term passage (8). Similarly, we have compared the detailed karyo-
typic structures of three cell lines independently established from Hodgkin’s lymphoma
(HDLM-1/2/3). Despite highly complex karyotypes, each cell line carries over 50 dif-
ferent chromosomal breakpoints and these cell lines have remained almost identical
karyotypically in vitro (7,9). It has been suggested that chromosomal rearrangement
may reach peak intensity in vivo, where these rearrangements are subject to physiologi-
cal controls. These physiological controls are known to occur in lymphocyte develop-
ment during the germinal center reaction, of which formation of DNA double-strand
breaks is an essential part (10,11). An unexpected corollary would be that cell lines, in
some cases, may be more stable than their precursor cells.

A third virtue of cytogenetic data is in cell line authentication. We have found that
at least one-sixth of new human tumor cell lines have been cross-contaminated by
older, mainly “classic” cell lines (12,13). This problem, first publicized over 30 years
ago thanks to the pioneering work of Walter Nelson-Rees (14) but neglected of late
(15, 16), poses an insidious threat to experimental cancer research (17). This problem
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is most harmful where contaminants and their targets differ significantly in character or
where the range of available cell lines is limited and, therefore, sensitive to distortion.
Ideally, authentication should be documented at the time of first publication by demon-
strating concordant DNA profiling of tumor and derived cell line alike (see Chapter 4).

 As a result of apathy among investigators and journals alike, it seems, the estab-
lishment of lamentably few cell lines has been documented in this way. Therefore, for
want of reference data, the vast majority of users wishing to authenticate tumor cell
lines may be forced to relinquish DNA profiling in favor of the only practical alterna-
tive, cytogenetics. This avenue is closed to users of nontumor cell lines, for which
karyotypes are generally too nondescript to be of any value in identification. Whether
in pictorial (karyogram) or written (karyotype) forms, cytogenetic particulars are fre-
quently documented in publications describing new tumor cell lines to serve as useful
points of reference “downstream.” In addition, for those establishing cell lines from
tumors, comparison of their respective cytogenetic features provides an alternative to
DNA profiling for confirming identity, at least among cases displaying significant
degrees of chromosomal alteration.

1.2. Cytogenetic Methodology

Cancer cytogenetics has steadily gained in importance over the last three decades
as a result of a series of advances, both technical and informational. It first became
routine to distinguish and identify each of the 24 different human chromosomes
(referred to as numbers 1 to 22, X and Y) when methods for recognizing their sub-
structures (bands) were described in the early 1970s, principally quinacrine-banding
(Q-banding) (18) and giemsa-banding (G-banding) (19). A further modification,
trypsin G-banding (20), has gained wide currency since its introduction in 1973 as a
result of its relative speed and simplicity. Soon thereafter, banding techniques were
instrumental in the identification of the “Philadelphia chromosome” (Ph) marker in
CML and its origin via a reciprocal translocation, t(9;22)(q34;q11) (21), a mecha-
nism not known when the Ph was first observed more than a decade earlier (22).
This observation marked the birth of our current picture of neoplasia as a disease of
gene alteration. The advent of computer-aided image analysis in the early 1990s
gave G-banding a further boost in handling complex tumor karyotypes by improving
speed, sensitivity, and accuracy.

The second major advance, universally referred to as FISH (fluorescence in situ
hybridization), took seed during the late 1980s (2,24) and has continued to flourish.
Similar to conventional isotopic in situ hybridization (isotopic-ISH), which had become
by then an established, though troublesome and time-consuming technique, FISH
exploits the stability and specificity of DNA-DNA hybrids formed on metaphase
chromosomes after exposure to homologous DNA under renaturating conditions. Iso-
topic-ISH was rapidly superseded by FISH following the availability of non isotopi-
cally labeled deoxynucleotides combined with a straightforward method for their
efficient incorporation into DNA by nick translation. This led to suitable probes becom-
ing commercially available. FISH serves to bridge the gap between classical cytogenet-
ics and molecular biology. The range of FISH is particularly impressive, enabling
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analysis of entire chromosomes, segments thereof (“chromosome painting”), or
single genes, using probes comprising several megabases, or several kilobases or
less of DNA respectively (“single-locus probes”). Tumor karyotypes are, neverthe-
less, in some cases simply too complex for straightforward analysis, even when aug-
mented by chromosome painting. Complex karyotypes must be tackled using
multicolor-FISH (M-FISH) probes, whereby each of the 24 human chromosomes is
represented by a unique mixture of up to five or more differently colored probes (25).
M-FISH analysis requires use of extra filters to distinguish typically six colors (to
include the chromosomal counter stain) or, in the case of the analogous system, spec-
tral karyotyping (SKY), a spectrophotometer. Although these various permutations of
versatility and sensitivity impose corresponding demands on instrumentation, all FISH
systems are basically similar and require broad-spectrum illumination (by ultraviolet
or xenon light) and sensitive cameras to detect weaker signals, particularly those gen-
erated by short probes. All systems require special software to merge the different
color channels, to improve signal/noise ratios and contrast, for example, and to gener-
ate pseudocolored images suitable for documentation.

The most recent advances are informational and come from sequence/mapping data
of the human genome project. Accurately mapped and sequenced bacterial/P1 artifi-
cial chromosome (BAC/PAC) clones made available as a result of these efforts allow
suitably equipped investigators to map chromosome rearrangements in cancer cells at
the level of single genes and beyond, thus shortlisting plausible candidates for
dysregulation. This probe resource together with that of well characterized tumor cell
lines comprise a formidable tool for investigating the genetic basis of cancer, and,
indeed, several important cancer genes have been discovered this way.

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

Chemical reagents may be stored up to 4 wk at 4°C, unless otherwise stated.

2.1. Harvesting
1. Cell culture(s) maintained in logarithmic phase.
2. N-Deacetyl-N-methylcolchicine (colcemid): (Invitrogen, Karlsruhe, Germany) 4 µg/mL

stock solution (100X).
3. 100X Stock solution: 25 µg/mL of 5-Fluoro-2'-deoxyuridine (FUDR) (Sigma, Taufkirchen,

Germany) and 1 mg/mL 1-β-D-Ribofuranosyluracil (uridine) (Sigma), 1 part/3 parts.
4. 100X 1-(2-Deoxy-β-D-ribofuranosyl)-5-methyluracil (thymidine) (Sigma): dissolve 50 mg

in 100 mL. Filter sterilize through 0.22 µm filter.
5. 0.5 g/L Trypsin, 0.2 g/L EDTA (Invitrogen) for removal and dispersal of adherent cells.

Store at –20°C).
6. Stock hypotonic solutions: 5.59 g/L KCl; or 9.0 g/L NaCitrate. Working hypotonic solu-

tions: mix KCl and NaCitrate, e.g., 20/1, 10/1, 1/1, 1/10, 1/20 shortly before use, allowing
time to reach desired temperature.
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7. Fixative: absolute methanol and glacial acetic acid (3/1). Use fresh but may be stored up
to 4 h at 4°C.

2.2. G-Banding Only
1. Slides (frosted-ends for annotation): wash mechanically overnight 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 nonshredding tissue)
and stored wrapped in aluminum foil at –20°C until use.

2. Phosphate buffered saline (PBS): adjust to pH 6.8 (Giemsa solution) or pH 7.2 (trypsin).
3. 140X Trypsin stock solution: dissolve 17.5 mg trypsin 1/250 (Difco, Hamburg, Germany)

in PBS, pH 6.8. Store 500-µL aliquots at –20°C for up to 6 mo.
4. Giemsa stain, (Merck, Darmstadt, Germany, cat. no. 1.09204.0500). Dissolve 5 mL in

100 mL PBS, pH 7.2 and filter before use.
5. Routine microscope with phase contrast (PC) illuminator and the following objectives:

10× (phase-contrast), 40× (phase-contrast), and 50× (brightfield-dry) for slide evaluation
and preliminary analysis.

2.3. G-Banding and FISH
1. Image analysis system for G-banding and FISH (see Note 1).
2. Laboratory oven for slide aging (G-banding) or slide drying (FISH).
3. 100-mL Coplin jars (glass) for staining and washing.
4. 4X SSC: 35.1 g NaCl, 17.7 g NaCitrate, made up to 1 L. Adjust to pH 7.2.
5. 0.5X SSC, 2X SSC, etc.; for example dilute from 4X SSC stock but monitor pH.

2.4. FISH Only
1. Ethanol: absolute, 90%, 70%. May be used twice and then discarded.
2. Pepsin stock solution: dissolve 250 mg pepsin (Sigma P7012) in 12.5 mL deionized H2O.

Freeze 500-mL aliquots (–20°C) and store for up to 6 mo.
3. Pepsin working solution: dilute 500 mL stock solution in 100 mL deionized H2O contain-

ing 1 mL 1 N HCl.
4. Formaldehyde solution: 1% formaldehyde in PBS, pH 7.2, containing 50 mM MgCl2.
5. Acetone, for use in mild pretreatment.
6. Hybridization buffer: Hybrizol VII (Qbiogene, Heidelberg, Germany). Store at room tem-

perature (contains formamide).
7. Cold competitor DNA for prehybridization with probes containing repeat sequences:

1 mg/mL Cot-1 DNA (Roche, Mannheim, Germany); store at –20°C.
8. Nail varnish (clear).
9. Rubber cement.

10. Hybridization chamber: sealed container with an internal shelf to separate slides (above)
from humidifier, for example, water-impregnated towels.

11. Hybridization bed: prewarmed freezer block kept in incubator at 37°C. Use during appli-
cation of probes to slides.

12. Wash solution: 4X SSC with 0.1% Tween-20, molecular biology grade (Sigma). Slides
may be placed in wash solution between any steps to prevent drying out.

13. Plastic cover slips for probe detection (Qbiogene).
14. Mounting medium: dissolve 50 ng/mL 4',6-Diamidino-2-phenylindole dihydrochloride

(DAPI) in Vectashield antifade mounting medium (Alexis, Grünberg, Germany).
15. Cover slips: glass, grade 0, 22 × 60 mm.
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16. Chromosome painting probes: store at –20°C unless otherwise stated. (see Note 2).
17. Research microscope with the following brightfield objectives with numerical apertures

as high as budgetary limitations permit 10×, 63× (fluorescence), 63× (Planapochromatic).
Ideally, a cytogenetics research microscope should be equipped with an automatic filter
wheel and configured to an appropriate FISH imaging system (see Note 1).

3. Methods

3.1. Harvesting and Slide Preparation

Human cells in continuous culture divide typically every one-to-three days, though
exceptions at both ends are not uncommon. The mitotic metaphase is the only stage
throughout the cell cycle at which chromosomes are clearly visible. This phase lasts
but an hour or less, severely reducing the number of cells open to conventional cytoge-
netic analysis. The metaphase fraction must be enriched accordingly by exposure of
the growing cultures to colcemid or, more rarely, to some other mitotic blocking agent
for a few hours, or longer in the case of slow growing cells (see Note 3). 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 a common
cause of failed harvests.

It is difficult to overemphasize just how crucial initial harvesting and slide prepara-
tion are to subsequent success with both G-banding (see Subheading 3.2.) and FISH
(see Subheading 3.3. and Note 4). Harvesting is often the step least rewarded by
success. For unknown reasons, some acute leukemia cell line derivates resist success-
ful harvesting. Furthermore, a hypotonic treatment that consistently yields good prepa-
rations with one cell line may be totally unsuitable for another cell line of similar
derivation. This inconvenient problem precludes use of standard harvesting protocols
applicable to all cell lines, unlike DNA preparation. It is therefore necessary to ascer-
tain empirically which harvesting procedure is optimal for each cell line by trial and
error. This is achieved by harvesting in parallel cell-aliquots that have been exposed to
a range of hypotonic conditions, for example, by varying buffers, the duration of incu-
bation, and temperatures. Continuous cell lines permit the luxury of repetition, but we
must take full advantage of it. Cytogenetic harvesting is exquisitely sensitive to the
biological variability inherent in living systems and must often be repeated several
times until satisfactory results are achieved.

Fixation, on the other hand, is amenable to standardization. Once fixed, cells may
be stored for a few years at –20°C until required for G-banding or FISH. Immediately
prior to slide making, cell suspensions should be washed in fixative. Slide making is
performed by dropping suspension onto ice-cold, “squeaky-clean” slides held at a
slight incline atop a prefrozen (–20°C) freezer cold-block. Two drops aimed at the
slide region immediately under the frosted zone and at the lower-middle, respectively,
should result in figure-eight spreading patterns that facilitate both G-banding and
FISH. Once completed, slides may be stored for a few years (at –80°C), aged briefly at
room temperature for FISH, or aged overnight at 60°C for G-banding.

1. Add colcemid to growing cultures for 2–4 h.
2. Optional: incubate overnight with FUDR to improve chromosome morphology (see Note 5).
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3. Suspension culture:
Aliquot (for example, 4× in 10-mL tubes), centrifuge (5 min at 400g), and discard
supernatant.

Adherent culture:
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 dis-
card 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 cells by rinsing with supernate from the centrifuge tube. Then
centrifuge aliquots as with suspension cultures. (The serum present in the culture me-
dium will act to inactivate residual trypsin activity.)

4. Resuspend centrifugates gently by manual agitation. Add 5–20 vol from various working
hypotonic solutions (for example, 20/1, 1/1). Incubate paired aliquots at room tempera-
ture (initially) for 1 min and 7 min, respectively (Table 1).

5. Centrifuge and discard supernate. Resuspend gently and carefully add ice-cold fixative,
at first dropwise, then increase amount to almost fill tube.

6. Store refrigated for >1 h.
7. Equilibrate to room temperature (to minimize clumping), then centrifuge (5 min at 400g).

Repeat.
8. Store overnight at 4°C.
9. Next day, equilibrate to room temperature, then centrifuge (5 min at 400g). Repeat twice.

10. Resuspend in sufficient fixative, adjusting the volume to yield a lightly opaque suspension.
11. 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 operator (by inser-
tion of a pipet, for example).

12. Locally humidify by breathing heavily on slides.
13. From a height of 30 cm place two drops of suspension onto each slide, the first immedi-

ately below the frosted zone, the second about two-thirds along the slide. Do not flood
with fixative (see Notes 6 and 7).

14. Lift slides in pairs for speed. Breathe on slide again to maximize spreading.
15. Optional: to improve spreading, gently ignite residual fixative with a camping stove or

Bunsen burner. Do not allow slide to get hot as this may spoil subsequent G-banding and
FISH.

16. Label and air dry: allow slides to stand almost vertical until dry.
17. Examine slides by phase-contrast microscopy and assess each hypotonic treatment indi-

vidually (see Note 3).
18. Prepare slides from successful treatments, mixing suspensions if more than one is deemed

adequate. Label.
19. Store unused suspension at (–20°C).

3.2. Trypsin G-Banding (GTG-Banding)

Although a number of banding methods are available, the most popular is G-band-
ing by trypsin pretreatment (20). This method selectively depletes the chromatin of
certain proteins to produce strong lateral bands after staining with Giemsa (Fig. 1A).

Analysis of chromosomes harvested using the technique described in Subheading
3.1. should typically reveal approx 300 bands, although with stretched or submaxi-
mally condensed (prometaphase) chromosome preparations, over 1000 bands may be
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Table 1
Data Sheet for Determining Optimal Hypotonic Conditions for Harvesting Cell Lines

Data are those of an actual experiment, the harvesting of cells from the RS4;11 cell line, processed to prepare the G-banding and FISH slides images
shown in Fig. 1.

Abbreviations: Col., colcemid; MI, mitotic index; Spr., spreading; Qual., quality.
Explanations:

1. Tube/Harvest: to avoid subsequent confusion, it is essential to identify each harvest that in turn is prepared by mixing labeled tubes
yielding acceptable preparations.

2. Both the time of exposure to colcemid, and the concentrations of colcemid and hypotonic buffers (if nonstandard) should be noted for
future reference.

3. Both the temperature and duration of hypotonic treatments are crucial and should be recorded.
4. Results: to assess the efficacy of harvest conditions, it is necessary to compare their relative efficiencies in yielding metaphases (MI),

which are well spread without excessive breakage (Spr.) and in which chromosome morphology is satisfactory (Qual.).
5. Quantities of slides and suspensions: indicates what should be done with suspensions from each harvest tube (e.g., mixing for slide-

making and/or storage) and how many slides are to be prepared for G-banding (GTG), solid staining (Giemsa), and FISH.
6. Store: here may be indicated whether any of the harvest tubes/mixtures are suitable for storage as suspensions at (–20°C).
7. Action: decisions regarding the need for repeating the harvest and, if so, how may be written in this box. In the case of RS4;11, the first

harvest was deemed adequate.

64
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observed. With the advent of FISH, the need for high resolution banding is less obvi-
ous, at least in cancer cytogenetics where analysis with BAC clones is simpler and
more informative. In fact, by obscuring their salient points of recognition, high resolu-
tion banding may even hamper analysis, unless performed by experts. As a rule of
thumb, with G-banding alone, it is possible to detect, if not fully characterize, most
chromosome rearrangements present in cell lines carrying up to about a half-dozen
separate changes. Where unbalanced translocations predominate, as is the case among
epithelial solid tumors, all but superficial analysis will most probably require addi-
tional chromosome painting.

1. Fresh slides are unsuitable for immediate G-banding. Slides must be first aged by baking
overnight at 60°C (see Note 8). Approximately six to eight slides that contain a sufficient
supply of well-spread metaphases with adequate chromosome morphology should be pre-
pared for each cell line.

2. Prepare in advance three Coplin jars containing: 500 µL trypsin in 70 mL PBS, pH 7.2,
ice-cold PBS, pH 6.8, to stop enzymic activity, and 5% Giemsa in PBS, pH 6.8.

3. The Coplin jar, containing trypsin in PBS should be placed in a water bath at 37°C before-
hand and not used until the internal temperature has equilibrated.

4. To determine optimal trypsin incubation times, dip the first slide halfway into the trypsin
for 10 seconds (s) and the whole slide for the remaining 10 s to test, in this case, for 10- and
20-s trypsin times simultaneously on one slide.

5. Immediatedly stop trypsin activity by immersion in cold PBS for a few seconds.
6. Stain in Giemsa solution for 15 min.
7. Rinse briefly in de-ionized H2O and carefully blot dry using paper towels (as used for

Southern blotting).
8. Examine microscopically (see Note 9). Scan for likely metaphases at low power. Exam-

ine those selected at higher power using the Epiplan dry objective. From the chromosome
banding quality, decide whether the suitable trypsin time lies within the 10- to 20-s range
spanned by the test slide. If satisfactory, repeat Subheading 3.2., steps 1–7. If unsatisfac-
tory, repeat steps 1–8 using longer (30–45 s) or shorter (3–6 s) typsin test times, as appro-
priate until the optimal incubation time becomes apparent.

3.3. FISH
Chromosome painting aptly describes the FISH application using libraries of probes

that hybridize to the entire length or large regions of specific chromosomes (see Fig. 1B).
In contrast to single-locus probes, painting probes comprise DNA sequences from

multiple loci, none of which need be specified. Painting probes may be used singly or
in combinations—the latter maximizing the informational possibilities, for example,
by confirming a translocation inferred by G-banding. Whichever probe combination is
adopted, it is usually necessary to counterstain the chromosomes. The standard coun-
terstain is 4',6'-diamidino-2-phenylindole hydrochloride (DAPI), which yields a deep
blue color more intense at the centromeric heterochromatin, in particular that of chro-
mosomes 1, 9, and 16 and in the terminal long-arm region of the Y-chromosome. In
better preparations, DAPI generates negative G-bands, which with the aid of most
image analysis programs may be readily converted into G-bands, albeit rather faint
ones. (Although propidium iodide which stains chromosomes an intense red is some-
times used as a counterstain, it has been largely replaced by DAPI for this reason.)
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Fig. 1. Cytogenetic characterization of a human leukemia cell line (RS 4;11). G-banding
karyogram and FISH analysis of a cell line (RS4;11) established from a 32-year-old female
patient with acute lymphoblastic leukemia (ALL) at relapse (26).

The ISCN karyotype (27) of the cell depicted in the karyogram (A) was as follows: 47/
48<2n>X/XX,t(4;11)(q21;q23),i(7)(q10),+8,+18, the rearranged chromosomes being indicated
by arrows. In this case G-banding revealed the presence of an unambiguous primary change
known to be recurrent in ALL, a balanced, reciprocal translocation, t(4;11), whereby most of
the long-arm of chromosome 4 (breakpoint at band 4q21) is exchanged with the subterminal
long-arm region of chromosome 11 (breakpoint at 11q23). This rearrangement is associated
with poor prognosis (2) and may in some cased be induced by treatment for a previous malig-
nancy. The accompanying structural change, an isochromosome for the long arm of chromo-
some 7, i(7q), was described at early passage (26) and probably arose in vivo, being a common
secondary change in ALL (2). The numerical changes, additional copies of chromosomes 8 and
18, may have arisen in vivo or be in vitro artefacts. Interestingly, another t(4;11) cell line,
MV4;11, also carries additional copies of chr. 8 and 18 (28), an otherwise rare combination,
suggesting either that cells with this translocation may be predisposed to both trisomies, or that
this combination favors growth in vitro. The cell depicted represents one of two major
subclones, the one that lacks one of two X chromosomes. Loss of the second X chromosome (Y
in males) is rather common in tumor cell lines and is also known as an age-related change in
vivo. With the excepton of the trisomies (chr. 8 and 18), this karyotype is almost identical to
that described in the original report.

The FISH images (B,C) show metaphase chromosome preparations hybridized with paint-
ing and single-locus probes, respectively. In both cases, preparations were counterstained with
DAPI, which generates intense signals at all centromeric regions as a result of the presence of
satellite DNA that preferentially binds DAPI. (Continued on next page.)
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Fig. 1. (Continued from previous page.)  The FISH image (B) depicts chromosome painting
with a chr. 7 library probe directly labeled with red fluor (Qbiogene). Note the intense signals
from the centromeric satellite sequences present on both the normal 7 (N7) and i(7q). Isochro-
mosomes serve to increase relative copy numbers of long-arm regions at the expense of short-
arm regions, or vice versa.

The FISH image (C) shows the results of hybridizing metaphase cells from RS4;11 with a
commercial DNA probe (Qbiogene) designed to detect translocations occurring within the con-
sensus breakpoint region of the MLL gene at chromosome 11q23. The MLL probe is labeled
with digoxigenin-11-dUTP and detected by one round of incubation with antidigoxigenin-FITC
(Roche). Note the strong signal yielded by the unrearranged MLL present on the normal 11,
while both der(4) and der(11) partners display weaker signals resulting from splitting.

In this case, the FISH data are consistent with that of the G-banding and confirm that the
MLL gene is a target of the t(4;11). These data support the conclusions that RS4;11 is both
authentic and an appropriate model for ALL with t(4;11) and would, therefore, be a suitable
resource for studying molecular changes therein, for example, breakpoint cloning and sequenc-
ing. MLL is a promiscuous gene, not only partnering AF4 at 4q21, as exemplified by RS4;11,
but several other genes as well, including AF9 at 9p22 in t(9;11)(p22;q23) found in acute
myeloid leukemia (AML-M5a) and represented by several cell lines, e.g., Mono-Mac-6 (29)
and in cryptic form in MOLM-13/14 (30). In each case, gene fusion results in formation of a
chimeric mRNA that is translated into a novel protein. In addition to providing in vitro models
for their respective tumors of origin, cell lines with recurrent translocations provide infinitely
renewable resources of DNA to be used as positive controls for PCR diagnosis.
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Painting probes may be produced by PCR amplification of human chromosomal mate-
rial retained by monochromosomal human/rodent-hybrid cell lines. By exploiting
human specific repeat sequences (for example, 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, and 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. For this reason, most commercial
painting probes include Cot-1 DNA.

Single-locus probes may be produced by labeling large insert clones and are avail-
able commercially for a variety of neoplastic loci. FISH, using a commercial probe
covering the MLL locus at chromosome 11q23 is depicted in Fig. 1C.

However, such probes are costly and limited in coverage. New probes may be
identified via genome browsers (for example, Ensembl) and ordered from a suitable
resource center. An important class of single locus probes hybridize to chromosome-
arm specific sequences present in the subtelomeric chromosome regions, which are
favored sites of translocation and may be targets for instability, “jumping transloca-
tion” (9). Unlike single-locus cDNA probes prepared by reverse transcription of spe-
cific mRNA containing no repeat sequences, large insert clones invariably contain
repeat sequences requiring suppression by prehybridization with Cot-1 DNA.

The critical step in FISH is the post-hybridization stringency wash that may be
performed at either low temperatures using formamide, which lowers the stability of
the DNA double-helix, or at higher temperatures using low SSC concentrations alone.
Stringency washing allows the operator to control the balance of probe signal inten-
sity against background. The stability of DNA-DNA hybrids on FISH slides allows
repeated cycles of stringency washing. When starting with untested FISH probes, it is
feasible to start off using a less stringent wash which, if yielding unacceptable back-
ground levels, may be repeated at higher stringencies (i.e., at lower SSC concentra-
tions) (see Notes 10 and 11).

The following steps describe a basic but flexible FISH protocol, applicable to a
wide variety of probes and, therefore, useful for those intending to combine probes
from different sources, i.e., for experiments with the highest informational value. FISH
experiments performed with single commercial probes should typically be performed
according to manufacturers’ protocols, although they are unlikely to differ substan-
tially from that presented here (see Notes 12–17)

Indirectly labeled probes, e.g., with digoxogenin or biotin, require additional detec-
tion steps that may be plugged into the following protocol.

1. Slides: use either fresh (1- to 7-d-old) or archival slides stored at –80°C.
2. Optional: to reduce background signal, preincubate in pepsin solution for 2 min at 37°C

(see Note 10).
3. Slide dehydration: pass slides through an alcohol series, 2 min in 70% (×2), 90% (×2),

and 100% ethanol in Coplin jars.
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4. Dry overnight at 42°C.
5. Deproteinize in acetone for 10 min (to minimize background autofluorescence).
6. Slide denaturation: 2 min at 72°C in 30 mL 2X SSC plus 70 mL formamide. The tempera-

ture of this step is critical. Therefore, avoid denaturing too many slides simultaneously. If
a high throughput is desired, slides should be prewarmed. Quench in prechilled (–20°C)
70% ethanol for 2 min.

7. Repeat step 3 (alcohol series).
8. Varnish slide label (to prevent subsequent eradication).
9. Place slide on prewarmed block at 37°C.

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

11. Probe denaturation: pipet desired volume of probe into microfuge tube (sterile) and incu-
bate in a “floater” for 5 min at 72°C in waterbath. (NB: If recommended by manufacturer,
omit probe denaturation.)

12. Probe prehybridization: collect probe by brief centrifugation, then incubate for 15–60
min at 37°C in a second water bath.

13. Probe application: using shortened micropipet tips (sterile) carefully drop 8–12 µL of
probe (making up the volume with Hybrizol, if necessary) onto each slide-half. Two
hybridizations may be performed on each slide (separated by a drop of Hybrizol, to
inhibit mixing). Cover slides carefully with glass coverslips, tapping out any bubbles,
and seal with rubber cement.

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

15. After hybridization carefully remove rubber cement and coverslips in 2X SSC using
forceps.

16. Stringency washing: wash slides for 5 min at 72°C in 0.5X SSC (see Notes 10 and 11).
17. Optional, for use with digoxigenin labeled probes: briefly prewash in wash solution at

room temperature and shake the excess wash free. Important: Do not allow slides to dry
out until dehydration step 18. To each slide apply 40 µL antidigoxigenin antibody
haptenized with fluorescein-isothiocyanate (FITC) (Qbiogene, Heidelberg, Germany) and
cover with plastic coverslip. Incubate for 15–30 min at 37°C in hybridization chamber.
Wash for 5 min (×3) in wash solution at room temperature in subdued light.

18. Dehydration (alcohol series): as in step 3 but performed in subdued light.
19. Mounting and sealing: using abbreviated micropipet tips, carefully place 3 drops DAPI/

Vectashield mountant, with each drop containing approx 30 µL, along the slide. Apply
coverslip and tap out any large bubbles using the blunt end of a pencil or equivalent. Seal
with nail varnish. Allow varnish to dry.

20. Visualization: slides should be visualized at high power under oil immersion with a ×63
objective with a high numerical aperture. Although Zeiss supplies an immersion oil spe-
cially designed for fluorescent microscopy (518F), its propensity to floculate spontane-
ously and at low temperatures renders it unsuitable for routine application to slides stored
at 4°C.

4. Notes
1. Performing image analysis onscreen greatly facilitates both speed and accuracy. The abil-

ity to position homologs side-by-side and to flip them at a mouse-click assists dissection
of unresolved (marker) chromosomes. Karyograms may be subsequently printed with
comparable ease, eliminating the need for laborious cut and paste routines. FISH imaging
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systems are available from several manufacturers, based either on PC or Macintosh plat-
forms. For further information consult the website of Applied Imaging (http://
www.aicorp.com/), which supplies a variety of such systems. Imaging systems confer
significant benefits, including amplification of weak signals, merging of differently col-
ored signals together with fiduciary superimposition (if necessary), enhancement of con-
trast, reduction of background, generation of pseudo G-bands from DAPI counterstain,
and rapid documentation and printing.

2. It is seldom possible to resolve all rearrangements present in cancer cell lines, particu-
larly smaller markers lacking recognizable banding patterns. This is where chromosome
painting should be used to maximize detail and accuracy. The choice of painting probes is
a complicated question. We have had consistently good results with painting and satel-
lite-DNA probes obtained from larger manufacturers. For those using untested probes, it
is useful first to calibrate these using normal chromosomes. This effort is usually well
invested. Some probes generate unnecessarily bright signals. Knowing this beforehand
allows such probes to be “stretched” by dilution with Hybrizol. All too often, probes
arrive that yield inadequate or inappropriate signals. Timely identification of such prob-
lems by pretesting not only facilitates refund or replacement but may prevent the pursuit
of false trails inspired by probes which hybridize to more than one region.

3. Sometimes insufficient metaphases are present on slide preparations. Such slides, though
of possible use for G-banding in critical cases, are useless for FISH where probe costs are
often critical. For slowly dividing cell lines (doubling times >48 h), colcemid times may
be lengthened first to 6 h, then to 17 h (overnight), simultaneously reducing colcemid
concentrations by a half to minimize toxicity. However, paucity of metaphases is usually
a result of depletion by overly harsh hypotonic treatments. Contrary to most published
protocols, we find that reducing hypotonic exposures to 1 min and, if necessary, perform-
ing this step in microfuge tubes to facilitate speedy centrifugation to reduce total hypo-
tonic times still further, is often effective.

4. The ideal slides for analysis should fulfill three criteria: a sufficiency of metaphases to
enable analysis without wasteful repetition, adequate chromosome spreading—sufficient
to minimize overlapping without undue breakage, and good morphology, i.e., large but
undistended chromatids lying in parallel. To document progress in harvesting procedures
and aid evidence-based searches for their improvement, we use a standard data sheet that
records progress towards these ideals. An actual example is shown in Table 1, which
presents harvesting data for the cell line RS4;11, the subsequent G-banding and FISH
analysis, which are presented in Figs. 1 A–C. In this case, reasonable preparations were
obtained at the first attempt using the standard protocol (Subheading 3.1., step 4). Al-
though all four hypotonic combinations yielded adequate numbers of metaphases (A),
only tubes a–c yielded satisfactory spreading, i.e., a mixture of well-spread and over-
spread chromosomes (A/AA), and chromosome morphology (B+), and were subsequently
mixed prior to slide preparation. A total of 11 slides were prepared: 6 for G-banding, 1 for
Giemsa staining alone (to check for presence of small chromosomal elements which G-
banding sometimes render invisible), and 4 for FISH. In addition, remaining cell suspen-
sion in fixative was stored (–20°C) for future use.

5. Chromosome morphology is often correlated with spreading and improvements may be
effected using the same methods. As a general rule, the best morphologies are produced
by hypotonics containing 50% or less NaCitrate. Excessive amounts of the latter tend to
yield fuzzy irrregular morphologies that produce disappointing results with G-banding
and FISH alike. Some types of cell, and derived cell lines alike, consistently yield short
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stubby chromosomes that appear refractory to all attempts at improvement, for example,
acute lymphoblastic leukemia. In such cases, it may be helpful to try FUDR pretreatment.
Accordingly, treat cultures overnight with FUDR/uridine. Next morning, resuspend in
fresh medium with added thymidine to reverse the blockade and harvest 7 to 9 h later.

6. Insufficient spreading results in tight metaphases with an excess of overlapping chromo-
somes: such cells may be amenable to FISH but are useless for G-banding. In such cases
spreading may be improved by harsher hypotonic treatment, whether by increasing the
proportion of KCl to 100%, by increasing the hypotonic time up to 15 min, or by perform-
ing the latter at 37°C instead of room temperature (RT).

7. However, paradoxically, many cell lines yield their best spreading at 1 min indicating
how little we understand the underlying biological processes involved. Gentle flaming
often assists spreading and has minimal effect on G-banding or FISH. In our experience,
“dropping from a height” yields only minor improvement in spreading, though heavy
breathing, performed both immediately before and after dropping, is beneficial, presum-
ably by increasing local humidity levels.

8. 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., step 3).

9. As a general rule, good chromosomes yield good G-banding results. Exceptions include
chromosomes which 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 speeds up results
and eliminates variations in optimal trypsin times resulting from climatic or seasonal
variations in temperature or humidity.

10. Accurate chromosome analysis based on G-banding lies at the center of cancer cytoge-
netics. The ability to recognize each of the 24 normal human chromosome homologues
must precede analysis of rearrangements. 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 unaf-
fected individuals, e.g., lymphocyte cultures or B-lymphoblastoid cell lines known to
have retained their diploid character. Individuals intent on acquiring the ability to per-
form karyotyping are strongly advised to spend some time in a laboratory where such
skills are practised daily, for example, a routine diagnostic laboratory.

11. The main problem commonly encountered when using FISH probes is weak signal inten-
sity. This may arise because the probe itself is inherently weak, the wash too stringent, or
the chromosomes insufficiently denatured. To test for these scenarios, repeat the strin-
gency 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 dena-
turation time to 4 min. When neither alteration brings improvement, and the probe is new
and untested or old and infrequently used, it is likely that the probe is weak. 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.

12. On the other hand, FISH experiments are sometimes plagued by high background signal,
or “noise”. Commercial probes are usually, relatively free from this problem. Increasing
the wash stringency (Subheading 3.3., step 16) by reducing the SSC concentration to
0.1X may help. Alternately, adding Cot-1 DNA to the hybridization mix may help to
reduce hybridization noise. Among non-commercial probes, excessive noise may be cured
by reducing the probe concentration. Normal DNA concentrations for single-locus probes
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should range from 2–6 ng / µL up to 10–20 ng / µL for painting probes. Nonspecific noise
caused by either autofluorescence or protein-protein binding after antibody staining may
be reduced by additional slide pretreatment by incubation 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 RT. Postfix slides, held flat, in 1% formaldehyde solution for 10 min
at RT using plastic cover slips. Rinse in PBS (pH 7.2) for 3 min at RT. Continue with
Subheading 3.3., step 3)

13. Probes with larger targets often cross-hybridize to similar DNA sequences present on
other chromosomes. It is important first to identify patterns of cross-hybridization by
FISH onto normal chromosomes to avoid confusing the latter as rearrangements. Some
resource centers, notably BAC/PAC Resources, list cross-hybridization patterns for their
FISH probes.

14. The first aim of FISH performed on cancer cell lines is to characterize those rearrange-
ments of interest that resist analysis by G-banding. This requires both intuition and luck.
Clearly, the need for the latter is reduced where G-banding is optimized. The most diffi-
cult rearrangements to resolve involve unbalanced-multiple chromosomes. Sometimes,
however, originally reciprocal translocations appear unbalanced as a result of loss or
additional rearrangement of one partner. In such cases, the identity of the “missing part-
ner” may be determined from among those chromosomes where one or more homologues
appear to be missing.

15. Having identified the chromosomal 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 ideal
may be difficult. The International System for Chromosome Nomenclature (ISCN) enables
almost all rearrangements to be described with minimal ambiguity (27).

16. Quo vadis? Having successfully completed cytogenetic analysis of a tumor cell line to the
point of ISCN karyotyping the question arises, what to do with the data? The first ques-
tion to be addressed is identity: has the cell line in question been karyotyped previously
and, if so, does the observed karyotype correspond with that previously reported? In our
experience, complete correspondence between cell lines analyzed is rare, even where
their identity has been confirmed by DNA fingerprinting. First, among complex karyo-
types complete resolution may be unnecessary and is, indeed, rarely achieved. This leaves
significant scope for uncertainty and differences in interpretation. ISCN karyotypes are
inferior to karyogram images in this regard. Wherever possible consult the original jour-
nal or reprint, as photocopies seldom permit reproduction of intermediate tones that are
the “devil in the detail” of G-banding. Second, a significant minority of cell lines display
the propensity to evolve karyotypically during culture in vitro, .i.e., “instability”. Insta-
bility may effect numerical or structural changes. Thus, for reasons that remain obscure,
B-lymphoblastoid cell lines often become tetraploid at later passages. Although the
effects of tetraploidization may initially appear dramatic, the phenomenon generates
few or no genetic imbalances. More insidious are cases where cell lines displaying nor-
mal, or near normal, karyotypes at early passage evolve into distinct subclones after sepa-
ration. Such a cell line is CCRF-CEM, derived from a patient with T-cell acute
lymphocytic leukemia (ALL), which has spawned a multitude of subclones—all cytoge-
netically distinct (12); and, sometimes following cross-contamination events, masquer-
ading under aliases. Those wishing to compare their karyotypes with those derived at the
DSMZ may consult either the DSMZ descriptive catalogue (28) or website which fea-
tures an interactive database facilitating searches (http://www.dsmz.de/).
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17. The second and more important question concerns the neoplastic significance of cytoge-
netic changes observed in tumor cell lines. Investigators should naturally familiarize
themselves with any recurrent changes previously observed in similar tumors. In addi-
tion to books (2) and specialist journals (e.g., Blood, Cancer Genetics and Cytogenetics,
Cancer Research, Genes Chromosomes Cancer, International Journal of Cancer, Leu-
kemia ) regularly publishing such data, a number of websites are available allowing
interactive searches, notably Mitelman’s Database (http://cgap.nci.nih.gov/Chromo-
somes/Mitelman) The Atlas of Chromosomes in Cancer (http://www.infobiogen.fr/ser-
vices/chromcancer/), and The Cancer Genome Anatomy Project (http://
www.ncbi.nlm.nih.gov/ncicgap/), provide useful background information. For those con-
fronted by new or only putatively recurrent cytogenetic alterations the question arises
whether the change(s) observed in the cell lines are merely stochastic or genuinely neo-
plastic. For neoplastic candidates, for example, those ascertained by analogy with clini-
cal data, the cell line carrying it provides ideal material for determining the breakpoints
at the genomic level by hybridizing with clones chosen from the databases listing them,
e.g., BAC-PAC Resources (http://www.chori.org/bacpac/) or Ensembl (http://
www.ensembl.org/Homo_sapiens/). Precise breakpoint data are the first steps towards
identifying genes targeted for dysregulation by cytogenetic changes in cancer.

18. Finally, a word to the wise: the literature is littered by all-too-many reports describing
recurrent chromosome changes first ascertained in “independent” cell lines which on
closer examination turn out to be subclones (16). Always check that cell lines purporting
to come from different patients display distinct DNA fingerprints.
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Isolation and Culture of Colon Cancer Cell Lines

Jae-Gahb Park, Ja-Lok Ku, and So-Yeon Park

1. Introduction
Colorectal cancer is the second leading cause of cancer-related death in the United

States, and an estimated 148,300 cases will occur in 2002, representing approx 11.5%
of all new cancers. In men and women, colorectal cancer incidence declined between
the mid-1980s and the mid-1990s and stabilized thereafter (1). In contrast, the inci-
dence in Japan, Korea, and Singapore is rising rapidly, probably resulting from the
acquisition of a Western lifestyle (2). The incidence of colorectal cancer increases
with advancing age, with the peak incidence at 60–79 yr. Colorectal carcinoma is rare
before the age of 40 yr except in individuals with genetic predisposition or a preexist-
ing condition such as inflammatory bowel disease (3).

Multiple genetic alterations involving the activation of several oncogenes and the
loss of two or more cancer-suppressor genes are essential in the development of vari-
ous human cancers. The genes related to colorectal carcinogenesis can be divided into
two groups on the basis of their presumed function. The first group is involved in
cellular signaling pathways, and includes genes such as APC, K-ras, and DCC. The
second is involved in maintaining genomic stability, and includes genes such as p53
and mismatch repair genes. Mutations in APC, a tumor suppressor gene, is an early
event in sporadic colorectal cancers and underlies familial adenomatous polyposis
(FAP). The alterations of mismatch repair genes such as hMSH2, hMLH1, hPMS1,
hPMS2, and hMSH6 are responsible for the tumors of hereditary nonpolyposis
colorectal cancers (HNPCC) patients and some sporadic colorectal cancers with
microsatellite instability (4–6).

Cell lines from human colorectal cancers are useful tools in the study of cell biology
and in the development and testing of new therapeutic modalities. A large bank of well-
characterized cell lines should reflect the diversity of tumor phenotypes and provide
adequate models for tumor heterogeneity. In general, colorectal cancer cell lines are
relatively easy to establish. Colorectal carcinoma cell lines can be developed from
ascitic effusions, metastatic tissues (regional lymph nodes and distant metastatic sites,
such as liver), and primary tumors. The establishment of cell lines from ascitic effu-
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sions has proven to be more efficient than establishment from primary tumors because
the cancer cells are rich, free floating, and primed for in vitro growth. However, effu-
sions usually contain mesothelial cells and lymphocytes. Mesothelial cells can more
readily attach to flasks compared to cancer cells and generally survive for more than
one year (7–11). Lymphocytes can inhibit the growth of cancer cells. Enzymatic diges-
tion of solid primary tumor tissues may result in poor recovery of viable cells and
overgrowth of cancer cells with contaminating stromal cells. The faster growing stro-
mal fibroblast-like cells easily outgrow and overgrow the cancer cells. The mechanical
spill-out method provides a simpler, faster, and less traumatic method of obtaining cells
for culture (12). This method allows the minimization of stromal cell contamination
because stromal cells are not easily detached from the tissue matrix by mechanical
means. Rutzky and Moyer (13) summarized the following features of key relevance for
successful culture: (1) nonenzymatic or minimal dissociation of tumor tissue, (2) seed-
ing of cultures as explant and at high cell densities, (3) removal of contaminating fibro-
blasts usually after they have aided culture initiation, and (4) delaying passage until
high cell densities have been achieved and plating cells at high density.

In this section, we describe the culture of primary colorectal cancer cell lines, and
include detailed protocols relating to establishment from ascitic effusions and primary
tumor tissues using mechanical spill-out, the isolation of pure cancer cells, and the
maintenance, propagation, and preservation of cancer cells. Our laboratory has exten-
sive experience with serum-containing and fully defined media for the establishment
of continuous cell lines derived from colon cancers. Most of our colon cancer cells
were initially cultured in ACL-4 medium supplemented with 5% heat-inactivated (fe-
tal bovine serum) FBS (AR5). ACL-4 is a fully defined medium formulated for the
selective growth of human lung adenocarcinoma cells and has proved useful in the
establishment of colorectal cancer cell lines (7,11,14,15). ACL-4 is a complex me-
dium, consisting of four of the five HITES additives. HITES medium is used for the
selective growth of small cell lung cancer (SCLC) and contains insulin, transferrin,
hydrocortisone, estradiol, and selenium added to a basal medium, RPMI-1640. The
ACL-4 medium lacks the estradiol component of the HITES medium. Epidermal
growth factor (EGF) is also present. BSA helps to compensate for some of the high
molecular weight proteins present in serum, and aids growth in semisolid media. Tri-
iodothyronine (a selective mitogen), ethanolamine, and phosphorylethanolamine (pre-
cursors of membrane lipids), HEPES buffer (to compensate for the loss of buffering
properties of serum), glutamine, and sodium pyruvate (added empirically) are also
added (12,14,15).

2. Materials

2.1. Initiation Media for Primary Cell Culture
1. RPMI 1640 medium: RPMI 1640 powder, 25 mM HEPES buffer, 20 mM sodium bicar-

bonate, antibiotics (streptomycin-penicillin, usually 100 U/mL), filter through 0.22 µm
bottle top filter.

2. ACL-4 medium: RPMI 1640 as basal medium, 20 µg/mL insulin, 10 µg/mL transferrin,
25 nM  sodium selenite, 50 nM  hydrocortisone, 1 ng/mL epidermal growth factor, 10 µM
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ethanolamine, 10 µM phosphorylethanolamine, 100 pM triiodothyronine, 2 mg/mL bo-
vine serum albumin (BSA), 2 mM glutamine, and 0.5 mM sodium pyruvate.

3. Initiation and growth medium (AR-5 medium): ACL-4 medium supplemented with 5%
heat-inactivated FBS.

2.2. Reagents and Apparatus
1. Sterile phosphate buffered saline (PBS), pH 7.0.
2. Sterile 100 mm Petri dishes.
3. Sterile scissors.
4. Sterile forceps.
5. 10-mL pipets.
6. Pasteur pipets.
7. Ficoll gradient.
8. Culture flasks (25 cm2) coated with attachment factors such as collagen and laminin.

3. Methods
3.1. Procurement of Tumor Specimens

Solid tumors (primary tumors and tumors in lymph nodes) must be excised care-
fully and aseptically from pathologically proven colon cancer samples and transferred
to a cell culture laboratory in RPMI 1640 medium (see Note 1). The transporting RPMI
1640 medium should contain antibiotics, such as penicillin-streptomycin, to prevent
bacterial contamination. Ascitic effusions should be collected in sterile glass bottles
or syringes. Heparin (5 µg/mL) may be added to the collected fluids to prevent clot-
ting, if the effusions contain many erythrocytes.

3.2. Primary Cell Culture
3.2.1. Procedure for Solid Tumors

1. Transfer tumor tissues to fresh sterile PBS in a dish and rinse.
2. Transfer tumor tissues to a new dish and dissect off necrotic areas, fatty tissues, blood

clots, and connective tissues with forceps and scissors.
3. Finely mince the tumor tissues with sterile scissors.
4. Disassociate tissue pieces into small aggregates by vigorous pipeting with 10 mL of PBS.
5. Allow heavier pieces to sediment by gravity.
6. Carefully harvest the tumor cell aggregates that contain washes by pipet and transfer to a

15-mL sterile centrifuge tube.
7. Centrifuge and remove the supernatant.
8. Wash by resuspending in PBS, centrifuge, and again remove the supernatant.
9. Resuspend the pieces in 5 mL of AR-5 initiation medium.

10. Transfer the pieces to a 25-cm2 flasks.
11. Harvest the remaining large pieces, place in a 15-mL sterile centrifuge tube, centrifuge,

remove the supernatant, and culture immediately.
12. Cap the flask and maintain in a humidified incubator at 37°C in an atmosphere of 5% CO2

and 95% air.

3.2.2. Procedure for Ascitic Effusions
The processing of ascitic effusions depends on the volume and the cellular content

(erythrocytes, mesothelial cells, monocytes, and tumor cells). For specimens with few
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or no erythrocytes, the cells are centrifuged, resuspended in RPMI 1640 medium, and
seeded into 25-cm2 flasks. For specimens with large numbers of erythrocytes, the cells
are centrifuged and resuspended in RPMI 1640 medium, and cancer cells are isolated
by Ficoll gradient.

1. Add 7 mL Ficoll gradient to a 15-mL sterile centrifuge tube.
2. To the 7 mL Ficoll gradient add (carefully layering on top of Ficoll gradient) 7 mL of

diluted ascitic fluid using a sterile Pasteur pipet with its tip touching the side of the tube.
3. Centrifuge at 400g for 30–40 min in a tabletop centrifuge at room temperature.
4. Carefully aspirate the upper layer using a clean Pasteur pipet, leaving the cancer cell layer

undisturbed at the interface.
5. Using a clean Pasteur pipet, transfer the cancer cell layer to a clean centrifuge tube.
6. The pellets from the gradient usually contain a significant number of tumor aggregates.

After a single wash with PBS, resuspend the pellets in PBS and leave standing in a rack at
room temperature, to allow heavier cell aggregates to sediment by gravity. After aspirating
off the supernatant, which contains most of the erythrocytes, collect the cell aggregates.

7. Add at least 3 vol (6 mL) of PBS to the cancer cells in the centrifuge tube.
8. Suspend the cells by gently drawing them in and out of a Pasteur pipet.
9. Spin the cells at 400g for 10 min, decant the supernatant from the cell pellet, add 10 mL of

RPMI 1640, resuspend the cells with a Pasteur pipet, and then spin at 400g for 10 min.
Repeat this washing step.

10. Decant the medium and resuspend the cell pellet in 5 mL of AR-5 initiation medium.
11. Seed the cell pellet into 25-cm2 flasks.
12. Cap the flask and maintain the culture in a humidified incubator at 37°C in an atmosphere

of 5% CO2 and 95% air.

3.3. Isolation of Cancer Cells
Cancer cells can grow as floating aggregates, firmly or loosely adherent colonies,

or as both adherent and floating subpopulations (see Note 2). Isolation of the cancer
cells is performed when heavy tumor-cell growth is observed. Several methods can be
employed to isolate pure cancer cells.

3.3.1. Floating Aggregates
If floating aggregated cancer cells are grown in suspension, pure cancer cells can

be easily obtained because most of the fibroblasts are attached to the surface of the
culture flask.

1. Harvest and transfer the floating aggregates to the sterile centrifuge tube.
2. Spin the cells at 400g for 5 min, decant two-thirds vol of supernatant from the cell pellets,

and add 5 mL of ACL-4 medium supplemented with heat-inactivated 5% FBS.
3. Seed the cell pellets into 25-cm2 flasks.
4. Cap the flasks and maintain the culture in a humidified incubator at 37°C in an atmo-

sphere of 5% CO2 and 95% air.

3.3.2. Adherent Colonies
RAPPING METHOD:

This method is used when cancer cells are loosely attached to the surface of the
culture flask and grow as adherent colonies among the stromal fibroblast cells. Of
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these cancer cells, some cancer cells or whole colonies are detached from the colonies
and grow in suspension.

1. Gently tap the flasks.
2. Harvest the individual cancer cells and colonies.
3. Transfer the floating aggregates to a sterile centrifuge tube.
4. Spin the cells at 400g for 5 min, decant two-thirds vol of supernatant from the pellets and

add 5 mL of ACL-4 medium supplemented with 5% FBS.
5. Seed the cell pellet into 25-cm2 flasks.
6. Cap the flask and maintain the culture in a humidified incubator at 37°C in an atmosphere

of 5% CO2 and 95% air.

SCRAPING METHOD:

Usually, firmly adherent colonies surrounded by stromal fibroblasts form large
densely packed colonies that continue to grow laterally, slowly infiltrating and dis-
placing the adjacent fibroblasts or mesothelial cells (see Fig. 1).

Eventually, the entire flask may be taken over by these tumor cells. In this case,
cancer cells can be isolated by scraping and differential trypsinization (12). In our
experiences, when large adherent cancer cell colonies are less impeded by surround-
ing fibroblasts, scraping is the best way of isolating the cancer cells. The cells are less
damaged and stromal contamination is minimized (7,11,12,16,17).

1. Maintain the culture until the adherent colonies form well isolated large colonies (5–10 mm
in diameter). This may take several months.

2. Select colonies and mark with marker pen on the flask base.
3. Decant the medium and add 1 mL of growth medium.
4. Detach the adherent colonies by scraping with a policeman or cell scraper, to allow them

to float freely in the medium.
5. Add 4 mL of growth medium and harvest the detached colonies with a Pasteur pipet.
6. Transfer the cancer cells into 25 cm2 flasks.
7. Maintain cultures in humidified incubator at 37°C in an atmosphere of 5% CO2 and

95% air.

DIFFERENTIAL TRYPSINIZATION METHOD:
Some cancer cells grow among stromal fibroblasts and produce small colonies.

Usually these cancer cells do not overgrow the fibroblasts (see Fig. 2).
In these cases, the differential trypsinization method is preferred. The method de-

pends on differences in cell susceptibility to trypsinization (12). Some cancer cells are
more susceptible to trypsinization than fibroblasts and vice versa.

1. Decant the medium, rinse with PBS, and remove the PBS by aspirating.
2. Add 1.5 mL of diluted trypsin (0.025%, 0.05%, or 0.1% trypsin)
3. Place into incubator at 37°C for approx 3 min.
4. Observe the flasks under the inverted microscope when they are done incubating, and

determine whether the cancer cells or fibroblasts are detached. If both cancer cells and
stromal fibroblasts remain attached, incubate the culture flasks until either the cancer
cells or fibroblasts detach.

5. If cancer cells have detached and the fibroblasts remain attached, add 5 mL of growth
medium containing serum. Harvest the detached cancer cells. If, on the other hand, can-
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Fig. 1. Primary cell culture of primary tumor from colorectal cancer patients.

cer cells remain attached and the fibroblasts have detached, remove the medium, rinse
with the growth medium, and then add 5 mL of growth medium.

6. Centrifuge the harvested cancer cells, remove the supernatant, and add 5 mL of AR-5
growth medium.

7. Transfer the cancer cells into 25-cm2 flasks.
8. Maintain cultures in a humidified incubator at 37°C in an atmosphere of 5% CO2 and

95% air.



Colon Cancer Cell Lines 85

Fig. 2. (A) Before trypsinization. (B) After trypsinization and 1 d later.

3.4. Propagation and Preservation of Cancer Cells

After establishing cancer cell lines, initial passages are performed when heavy
tumor-cell growth and large colonies are observed. Subsequent passages are per-
formed every week or two. The ACL-4 medium (14,15) supplemented with heat-inac-
tivated 5% FBS (used in primary cell culture) can be used also for the propagation of
colorectal cancer cell lines (7,8,10,11). This medium must be used until the isolated
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cancer cells are considered a cell line (see Note 3). After the final establishment of
cell lines, AR-5 medium can be replaced with RPMI 1640 medium supplemented
with 10% heat inactivated FBS (11).

3.4.1. Floating Aggregates

Floating cell aggregates grow as loosely attached cell aggregates, in ball-like tightly
packed clumps, etc. Loosely attached cell aggregates are subpassaged after dissocia-
tion by pipeting (Fig. 3).

3.4.2. Tightly Packed Clumps (Fig. 4)

1. Collect the clumps by pipet and transfer to a sterile centrifuge tube.
2. Spin cells at 400g for 5 min, discard the supernatant from pellets, rinse with sterile PBS,

centrifuge, and again remove the supernatant.
3. Add 2 mL of trypsin-EDTA (usually 0.05%) in PBS and incubate at 37°C for approx 3 min.
4. Add 5 mL of RPMI 1640 medium supplemented with 10% FBS and centrifuge.
5. Decant the supernatant and redisperse the cancer cells by pipeting with the growth medium.
6. Seed the cell pellet into 25-cm2 flasks
7. Cap the flask and maintain the cultures in humidified incubators at 37°C in an atmosphere

of 5% CO2 and 95% air.

In this case, some cancer cells can be grown as adherent colonies and/or as a mono-
layer, and other cells can be grown as floating cell aggregates.

Fig. 3. SNU-769A colorectal carcinoma cell line. Cancer cells grow as loosely attached and
freely floating cell aggregates. Individual cells are round, and no attached cells are noted.
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Fig. 5. SNU-407 colorectal carcinoma cell line. Cancer cells are polygonal in shape and
grow as adherent cells.

Fig. 4. SNU-1047 colorectal carcinoma cell line. Cancer cells grow as tightly packed clumps.

3.4.3. Adherent Cells  (Fig. 5)
1. Remove the supernatant and rinse with sterile PBS.
2. Add 2 mL of trypsin-EDTA (usually 0.05%) in PBS and incubate at 37°C for approx 3 min.
3. Add 5 mL of RPMI 1640 medium supplemented with 10% FBS and centrifuge.
4. Decant the supernatant and redisperse the cancer cells by pipeting them with the AR-5

growth medium.
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5. Seed the cell pellet into new 25-cm2 flasks
6. Cap the flasks and maintain the cultures in humidified incubators at 37°C in an atmo-

sphere of 5% CO2 and 95% air. If the adherent cancer cells are not detached in the flasks,
the concentrations of trypsin-EDTA and the incubation times can be increased.

3.4.4. Both Adherent and Floating Subpopulations (Fig. 6)

3.4.4.1. FLOATING SUBPOPULATIONS

1. Collect the floating cell aggregates and transfer to sterile centrifuge tubes.
2. Remove the supernatant, and resuspend the cells in the growth medium.

3.4.4.2. ADHERENT SUBPOPULATIONS

1. Add 2 mL of trypsin-EDTA (usually 0.05%) in PBS and incubate at 37°C for approx 3 min.
2. Add 5 mL of ACL-4 medium supplemented with 5% FBS and centrifuge.
3. Decant the supernatant, and combine the cells with the floating subpopulations.
4. Seed the cell pellet into new 25-cm2 flasks.
5. Cap the flask and maintain the culture in a humidified incubator at 37°C in an atmosphere

of 5% CO2 and 95% air.

3.5. Representative Characteristics
of Cultured Colon Cancer Cell Lines

The SNU-769A cell line was derived from a mucinous adenocarcinoma signet ring
cell type (see Fig. 3). The original tumor was composed of singly scattered tumor cells
with eccentrically located nuclei and abundant cytoplasmic mucin (Fig. 7).

Fig. 6. SNU-175 colorectal carcinoma cell line. Cancer cells grow as both adherent cells
(right) and floating cell aggregates (left).
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The tumor cells did not form glands or acini and showed solid growth pattern with
minimal desmoplasia. Among the tumor cells, extracellular mucin pool was also noted.
Cells of SNU-769A cell lines grow as loosely attached and freely floating cell aggre-
gates. Individual cells are round, and no attached cells are noted (see Fig. 3).

The SNU-1033 cell line was derived from a poorly differentiated adenocarcinoma.
The original tumor was characterized by solid pattern of growth with focal glandular
differentiation. The majority of tumor cells were cuboidal and showed considerable
nuclear pleomorphism (Fig. 8A).

Tumor cells of SNU-1033 demonstrate the attached epithelioid morphology and
prominent dome formation (Fig. 8B).

The SNU-1040 cell line was derived from a well-differentiated adenocarcinoma.
The original tumor was characteristically composed of well-formed glands. The tumor
cells were columnar to cuboidal and maintained nuclear polarity (Fig. 9A).

 Cultured tumor cells of SNU-1040 demonstrate the prominent adherent epithelioid
cells (Fig. 9B).

4. Notes

1. Whenever possible, invasive areas from the serosal surface should be selected for pri-
mary tumor cultures to reduce the possibility of microbial contamination.

2. If the cancer cells are adherent or grow as floating aggregates, the medium is changed
weekly until a substantial outgrowth of cells is observed.

3. It is recommended that early passages, whenever passaged, are frozen in cryoprotective
medium to prevent loss of the cell lines by contamination or other laboratory accidents.

Fig. 7. Primary tumor (mucinous adenocarcinoma of signet ring cell type) of SNU-769A
colorectal carcinoma cell line.
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Fig. 8. (A) Primary tumor (poorly differentiated adenocarcinoma) of SNU-1033 colorectal
carcinoma cell line. (B) Phase contrast microscopy of SNU-1033 colorectal carcinoma cell line.
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Fig. 9. (A) Primary tumor (well-differentiated adenocarcinoma) of SNU-1040 colorectal car-
cinoma cell line. (B) Phase contrast microscopy of SNU-1040 colorectal carcinoma cell line.
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Isolation and Culture of Melanoma Cell Lines

Adam I. Riker

1. Introduction
Since the dawn of mankind, there has been cancer. From so simple a beginning,

cancer, in all of its forms and complexities, has become the second leading cause of
death in the United States. It is responsible for one out of four deaths, and totaled
549,838 (23% of all deaths) for the year 1999 (1). It is estimated that it will surpass
cardiovascular disease as the number one killer by the year 2015. For melanoma, the
incidence is increasing at an alarming rate. For the year 2002, new melanoma cases
will be diagnosed in 53,600 individuals, claiming 7,400 lives (1). We have had limited
success in the treatment of advanced stage melanoma with most patients succumbing
to death within the first year of diagnosis.

 There is a renewed hope and effort for the development of successful treatment
options for patients with stage IV disease. Over the last decade, researchers and clini-
cians worldwide continue to make progress in understanding the immunobiology of
melanoma, embracing new ideas and insights into the complex interactions that occur
within the tumor milieu. It is within this tumor microenvironment where many of the
answers to our questions can be found. Thus, to reach this goal, we have developed a
very successful method of obtaining and establishing tumor cell lines for in vitro
expansion and characterization. This has resulted in a stable supply of reagents for in
vitro use that, in turn, can reflect the host/tumor interactions within the in vivo tumor
microenvironment. Improved tumor models, an autologous system of reagents, and
the establishment of a melanoma tumor (cell line) bank have advanced our knowledge
about tumor escape mechanisms, immune cell activation, and the malignant transfor-
mation of cells.

The ultimate in vitro tumor model would completely reflect the in vivo tumor mi-
croenvironment in function and mechanism. It would become the genetic fingerprint
for each patient, thus allowing the design of an optimal therapeutic vaccination strat-
egy. It would be a true representation of antigen expression, cell surface receptor den-
sity, and genotypic makeup. Unfortunately, such a model does not currently exist.
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Clearly, as the tumor nodule grows, the tumor cells within it exist as a heterogeneous
population of cells that are oligoclonal in nature at both the genetic and phenotypic
level (2). Each cell, and indeed, each metastatic tumor nodule must be treated as a
separate entity when envisioning the development of a vaccination strategy that is to
have 100% lethality to all metastatic disease. To overcome this problem, the develop-
ment of autologous cell lines in vitro provides a small glimpse into the cellular and
immunological events that have taken place in vivo. A novel and somewhat unique
approach involves the development and characterization of melanoma cell lines estab-
lished from samples obtained by fine needle aspiration biopsy (FNAB) of subcutane-
ous lesions in patients with advanced melanoma.

There are many melanoma cell lines that are commercially available for any num-
ber of in vitro studies. Some are characterized in certain respects, but most only pro-
vide a guarantee that they are pure melanoma cell lines without contamination with
other cells, such as fibroblasts. Characterization, functional analysis, and clonality of
such cell lines are not guaranteed and are usually not addressed. The establishment
and analysis of cell lines by techniques such as tumor cell digestion also have inherent
faults as a result of the underlying question of whether these cell lines are a true repre-
sentation of the cell population from which they originated in vivo. Furthermore, con-
taminating fibroblasts, macrophages, dendritic cells, T cells, and NK cells have all
been shown to be present in various numbers in melanoma cell cultures established
from tumor cell digests (see Notes 1–5). Fibroblast contamination remains a formi-
dable hurdle even today. The in vitro data obtained from such “integration” between
tumor cells and fibroblasts must be looked at with an eye of suspicion.

The utility of FNAB as a novel approach to obtain melanoma samples from pa-
tients with advanced disease has provided us with a wealth of patient-specific infor-
mation. Furthermore, the samples obtained can be grown to large numbers in vitro for
further characterization and functional analysis (3). The tumor nodule(s) remain for
further prospective analysis by serial FNAB before, during, and after therapy. Excisional
biopsy of tumors and subsequent expansion of tumor cell lines has been the tradi-
tional tool utilized for the analysis of tumor/host interactions. The obvious drawback
of this method is that it allows for the evaluation of only a single lesion at a specific
time point. The removal of the tumor excludes comparative analysis of the same
lesion over time, thus severely limiting our understanding of the natural progression
of the neoplastic process and its activity secondary to the immune pressure placed
upon it. FNAB of multiple synchronous lesions results in the vital comparison of
metastatic nodules from the same patient, characterizing differences in melanoma
antigen (MA) and HLA expression, genetic alterations, receptor density, cytokine
profile, and other molecular differences.

2. Materials

2.1. Cell Culture
1. Complete media (CM): Iscove’s media (Biofluids Inc., Rockville, MD) supplemented

with 10 mM HEPES buffer, 100 U/mL penicillin-streptomycin (Biofluids), 10 g/mL
ciprofloxacin (Bayer West Haven, CT) 0.03% L-glutamine (Biofluids), and 0.5 mg/mL of
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amphotericin B (Mediatech, Cellgro, VA) with 10% heat-inactivated human AB serum
(Gemini Bioproducts, Calabasas, CA) (see Note 6).

2. Standard cell culture supplies should be readily available (pipets, culture flasks of all sizes,
prepared complete media). The serial expansion of cells will initially require 48-well
and 24-well flat bottom culture plates (Costar Inc., Corning, Calabasas, NY), T-25, T-75,
T-175 culture plates (Costar Inc.).

2.2. Other Reagents
1. Diff-Quik stain.

3. Methods

3.1. Sample Collection and Culture from FNAB
3.1.1. Procedures and In Vitro Expansion
of Melanoma Cells Obtained by FNAB

1. The most important part of collecting samples by FNAB is gaining the necessary experi-
ence through supervision by a qualified pathologist or cytopathologist with an expertise
in the technique of FNAB. There is a learning curve associated with accurately collecting
samples by FNAB, and one is advised to seek the guidance and support of those trained in
this area.

2. A 23-gage needle is attached to a 10-mL syringe that rests within a specialized holder
(Cameco Medical Limited, London) to facilitate operation with one hand while the other
hand stabilizes the lesion to be aspirated. Cleanse the nodule and surrounding areas with
alcohol and sterile gloves in order to obtain a sterile sample.

3. If a local anesthetic is to be used, a 1% lidocaine solution (without epinephrine) can be
utilized to infiltrate the skin, creating a small wheal subcutaneously. Be careful to not
infiltrate the tumor nodule itself, the wheal should be raised on the skin overlying the
tumor nodule. In most circumstances, a local anesthetic is not necessary. Patients tolerate
FNAB with a 23-gage needle extremely well with minimal discomfort. Remember, by
using a local anesthetic and raising a wheal, the anatomy and tissue planes become dis-
torted, making it difficult to localize the needle within the tumor nodule.

4. Once ready to aspirate, stabilize the lesion with the thumb and index finger prior to enter-
ing it with the needle. Enter the subcutaneous lesion, ensuring that the bevel of the needle
is within the tumor mass. Apply a small amount of suction.

5. Remove and collect the cells while applying continous slight suction to the syringe with
the cells remaining within the needle shaft and hub. Collect the cells with a back and forth
motion of the syringe, gently changing the angle by 5 to 10 degrees with each forward
motion. This will ensure an adequate collection of cells from different areas of the nod-
ule. Be sure to release any suction within the syringe prior to removal of the needle;
otherwise, most of the sample is aspirated into the syringe and sprayed on its walls.

6. Place a small sample on several slides and Diff-Quik stain. At the bedside, the sample is
evaluated under the microscope to ascertain cellular morphology, degree of cellularity,
and adequacy of the sample. An experienced cytopathologist can usually confirm the
diagnosis at the bedside.

7. Once an adequate sample is obtained for diagnosis and immunostaining, a second pass is
then collected under sterile conditions for in vitro culture. Place the sample into cell cul-
ture media at the bedside and take to the laboratory for in vitro culturing and expansion
(see Notes 1–7).
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3.1.2. In Vitro Culturing and Cellular Expansion
1. A total cell count is performed, including all nucleated and red blood cells (RBC), with

final plating into a 24- or 48-well plate at 2–4 � 106 cells/well. ACK Lysing Buffer
(Biofluids) can be used safely in order to lyse the RBCs prior to cell plating. Working
without contaminating RBCs seems to be beneficial and there is no evidence that metabo-
lites of lysed RBCs are beneficial for growth of tumor cells .

2. Cultures are maintained by changing media every 3 days (d). Remove half of the media
and replace it with fresh media by carefully suctioning off the top portion of the undis-
turbed cell culture in the 24- or 48-well plate. As the cells grow and expand, they are
adherent to the bottom and are trypsinized and split, based on the rapidity of their growth.
It is absolutely necessary to keep the cells together within close proximity to each other
for optimal cellular interaction and growth (see Note 7).

3. Once the tumor cell line has been properly expanded (meaning at least 10 T-175 flasks),
final cellular characterization can then be performed by electron microscopy, karyotyp-
ing, receptor and tumor antigen analysis, fluorescence-activated cell scanning (FACS)
analysis, and immunocytochemistry (ICC). The remaining flasks are frozen down and
placed in liquid nitrogen for later use.

3.1.3. Immunocytochemistry
The following monoclonal antibodies are used: W6/32 (Sera Labs, Westbury, NY)

for HLA class I; IVA-12 (American Type Culture Collection, Rockville, MD [ATCC])
for HLA class II; KS-I for HLA-A2, fluorescein isothiocyanate (FITC) antihuman
CD8 and FITC antihuman CD4 (Pharmingen, San Diego, CA), antiMART-1/Melan-
A murine IgG2b (M2-7C10 and antigp100 mAbHMB-45 (Enzo Diagnostics,
Farmingdale, NY). The secondary antibody is goat antimouse IgG (FITC). ICC is
performed on cytospin preparations from the original fine needle aspirate (FNA)
sample and on subsequent established cell lines. The cytospins are fixed in acetone
and stained with the same mAbs used for the FACS analysis (Biogenex, San Ramon,
CA). For secondary staining, biotinylated goat-antimouse IgG (Kirkergaard & Perry
Laboratories, Gaithersburg, MD) is used, followed by avidin-biotin-peroxidase
(Vectasin Elite Kit, Vector Laboratories, Burlingame, CA). ICC was performed on
cytospin preparations from the original FNA sample and on subsequent established
cell lines.

3.1.4. Success Rate of Establishing Melanoma Cell Lines in Culture
 The overall success rate of establishing melanoma cell lines is in the range of 70–

90%. This is a result of meticulous attention to detail, both in terms of obtaining an
adequate specimen and in cell culturing techniques. Several cell lines were estab-
lished from synchronous lesions from the same patient. Each nodule must be treated
as a separate entity and cell line. Almost all cell lines grew adherent to the flask bot-
tom. Occasionally, there was evidence of fibroblast overgrowth by 48 h. In general, if
the fibroblasts do not grow within the first 48–72 h, serial expansion by tumor cells
will eventually lead to a pure melanoma cell culture, with little or no contamination
by fibroblasts or other cells. It is important to realize that the established melanoma
cell line is probably originating from the clone that has gained a survival advantage,
restricting less robust clones from growing. Characterization and functional analysis
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of the daughter cell lines have been performed for direct comparison to the in vivo
tumor microenvironment of the original lesion (see Notes 8–13).

4. Notes
1. The successful establishment and characterization of melanoma cell lines in vitro has

been met with a number of difficulties, highlighting the need for improved culture tech-
niques. Traditionally, standard techniques of in vitro cell culture involved obtaining a
tissue sample from an excisional biopsy or wide local excision, followed by a variety of
processing techniques. Tumor samples are often digested with collagenase and other
enzymes, then plated in enriched media. This technique has resulted in a rate of success-
ful establishment of melanoma cell lines of approx 30%, and less for other cell types
such as colon and breast cancer.

2. In previous studies, there has been limited success in growing primary uveal and conjunc-
tival melanoma cell lines. Various regimens of processing tumor explants involve the
mincing of tumor into 1–3-mm3 chunks followed by placement into enzyme (collage-
nase, type IV, DNAase, type IV, hyaluronidase, type V)-containing media. Most fre-
quently, the tumor “chunks” are allowed to stir overnight followed by filtering of the
tumor cell suspension through a metal mesh filter with plating of the cell suspension in
various supplemented media preparations. The growth media for tumor samples of ocular
melanoma are highly variable, some utilizing growth factors such as EGF and IGF as well
as other components such as phorbol esters and cholera toxin.

3. The most consistent problem with techniques involving a whole specimen is the variety
of cells within the sample. Basically, a chunk of tumor contains tumor cells, but it also
contains a host of other cells and tissue types as well. Often these tissues outnumber the
primary tumor specimen by more than a thousandfold. Fibroblasts and stromal tissue
cells are difficult to filter away from the tumor cells, resulting in overgrowth of the pri-
mary cell culture and rendering the sample unusable for further analysis.

4. Utilizing a culturing method of straining tumor material through a linen cloth with con-
tinuous irrigation with DMEM media, Luyten et al. reported the successful establishment
of 2 of 16 (13%) primary uveal cell lines and 3 of 4 (75%) metastatic cell lines (4).
McNamara et al. describe a method for the establishment of short term (4–13 wk) con-
junctival melanoma cell cultures that allows for the immediate preparation of cell cul-
tures, with cells dividing in vitro within 24 h of receipt of the enucleation specimen (5).

5. Behm et al. showed that multiple aspirations of benign lymph nodes can be performed
without scar formation or significant architecture disruption that would affect histologic
interpretation (6). Ljung et al. revealed that malignant epithelial cells, in this case, breast
cancer cells, are almost exclusively collected (7). Their hypothesis is that tumor cells are
less cohesive and, therefore, are easier to dislodge than adjacent stromal cells and benign
breast epithelia. Of interest, they further comment that blood elements and lymphocytes
may “contaminate” the tumor specimens.

6. Most complete media consists of fetal calf serum (FCS) of various percentages, with
others adding horse serum (3%) because of its described ability to support the growth of
skin melanocytes (5). However, problems can arise with unwanted antigenic responses
against the FCS, thus obviating the use of human AB sera instead.

7. Meticulous cell culture techniques are required to achieve this success rate. Sterile meth-
ods must be utilized at every step of growth and cell expansion, to ensure that the media
and other reagents, such as IL-2, are changed at least every third day. Complacency with
cell culture will result in contamination by fungus, bacteria, or fibroblasts.
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8. A major assumption of excisional biopsy specimens placed in vitro for cell culturing is
that the tumor represents a homogeneous population of cells representative of other meta-
static lesions in vivo from the same patient. It is now well documented that in metastatic
melanoma, synchronous lesions are remarkably heterogeneous in their expression of
melanoma-associated antigens (MAA) and HLA (8-12). Thus, the evaluation of a single
lesion may not represent the full spectrum of synchronous metastatic lesions in terms of
functionality and response to therapy.

9. Melanoma cell cultures originating from excisional biopsies can provide useful informa-
tion regarding tumor/host interactions at only a single time point. Removal of the entire
lesion precludes further prospective analysis, and subsequent data obtained from this
specimen is thus limited to a retrospective analysis only. Characterization of a lesion
from a single point greatly diminishes the potentially crucial information gained by the
sequential collection and evaluation of FNA samples of the same lesion over time prior
to, during, and after various treatment regimens.

10. It is important to analyze the daughter cell line obtained from the original FNAB in order
to determine the similarity between the in vitro antigen expression with that obtained
from the original in vivo sample. This can be done by immunocytochemistry (ICC)
with measurement of the levels of expression of various tumor antigens, such as gp100,
MART-1, and tyrosinase.

11. The daughter cell lines, in the vast majority of cases, can be compared to the original
FNAB sample by immunological and molecular methods. In general, there is a strong
correlation in melanoma antigen expression between fresh tumor explants and the cul-
tured daughter cell lines. Cell lines generated from metastases with high expression of
gp100 were found to have high levels of gp100 by FACS analysis compared to the
expression of the same antigens as detected by ICC on freshly explanted tumor cells (3).

12. Occasionally, it was noted that if the fresh tumor explant was positive for gp100, subse-
quent in vitro culturing of this sample resulted in the loss of this MAA by FACS analysis.
This selective pressure is known to occur in vitro, since the loss of these tumor antigens
is not essential for the survival of the tumor cell. It is important to remember that MA
expression is of little importance to the tumor cell, and bears no relationship to the neo-
plastic process. Thus, their expression in melanoma cells is a remnant of the melanocytic
origin, and its loss of expression may occur without significant repercussions upon can-
cer cell survival. Therefore, these antigens could be particularly sensitive to immune
selection during disease progression, under the effects of antigen specific immunization,
and, of course, in vitro culturing. The exact incidence of this occurrence is unknown.

13. It is possible that a selection bias occurs whenever a population of tumor cells is placed in
vitro for further expansion and characterization. It is unknown which cellular dynamics
are actually occurring in vitro, but it may be that the most robust subpopulation of cells
become the dominant cell line, overgrowing the smaller cell populations. It is not known
whether such long-term cultures continue to converge in a clonal nature, or develop
intracultural differences detectable only at the level of the genome. Regardless, there will
always be some bias built into any such tumor model, and the overall level of tumor
heterogeneity within the established cell culture does not seem to be any higher than that
seen in vivo.

14. In conclusion, the isolation and culture of melanoma cells utilizing FNAB is a fast, effi-
cient and highly reproducible method of obtaining human melanoma samples for subse-
quent in vitro expansion and characterization. Upon successful expansion, the cells
provide the foundation for all subsequent functional analysis and tumor/T-cell interac-
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tions. For the most part, the results obtained can be translated to the in vivo tumor micro-
environment, providing a powerful method for the prospective analysis and
immunosurveillance of the response to vaccination trials in patients with advanced dis-
ease. From a single FNAB of a melanoma lesion, “contaminating” cells such as CD4 (+),
CD8 (+) T cells, dendritic cells, and NK cells provide a further level of complexity of
what is thought to be necessary for a successful immune response to occur.
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Isolation and Culture
of Human Brain Tumor Cells

German G. Gomez and Carol A. Kruse

1. Introduction
Sixty percent of all intracranial neoplasms are of glial origin. As a result of their

infiltrative growth and heterogeneity, standard treatment (surgery, chemotherapy, and
radiotherapy) is noncurative (1,2). Patient survival is poor and has not significantly
improved over the past 20 years. It is a common belief in the neuro-oncology field that
development of combination therapies for malignant brain tumors will be essential if
improvement in survival is to occur (3,4). To test experimental single and multimodal
therapies, animal and in vitro models of brain tumors are necessary.

Successful isolation and culture of primary human malignant glioma cell lines gives
researchers in vitro models for studying brain tumor progression and genetics, mecha-
nisms of resistance to chemo-, radio-, and immunotherapies, tumor invasion, and new
therapeutic agents (5-12). We describe the materials needed and procedures used to
isolate human brain tumor cells from surgical tissue specimens and from cavitational
ultrasonic surgical aspirates (CUSA; Fig. 1) (13).

We also specify the media and conditions required to establish and maintain human
brain tumor cells in culture. Finally, we detail ways to characterize the cells.

2. Materials

2.1. Transport Vessels and Fluids

1. Sterile 80 mL specimen collection containers (Starplex Scientific, Etobicoke, Ontario,
CA) containing 10 mL of RPMI 1640 medium. To avoid loss of small biopsy specimens,
they can be placed between Telfa dressing (Kendall Company Ltd, UK) moistened with
sterile saline.

2. The tissue collection filter from the specimen trap contains tissue fragments in sterile
saline irrigation fluid from the CUSA.

3. Erythrocyte lysis buffer components: 8.3 g/L ammonium chloride, 0.02 g/L disodium
ethylenediaminetetraacetic acid (EDTA) and 1.0 g/L sodium bicarbonate.
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2.2. Cell Digestion
1. DNase type I (Sigma).
2. Hyaluronidase type V (Sigma).
3. Collagenase type IV (Sigma).
4. Cellector tissue sieves with 100 mesh screens (VWR Scientific Products, www.vwrsp.com).
5. Ficoll-Paque density 1.083 g/mL gradient medium (Pharmacia, Piscataway, NJ).

2.3. Cell Growth Media, Supplements, Buffers, and Reagents
1. Culture medium: Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, Grand

Island, NY) + 10% fetal bovine serum (FBS; Gemini Bio-Products Woodland, CA), 100
U/mL penicillin/100 µg/mL streptomycin (Fisher Scientific, Pittsburgh, PA), 40 mg/mL
gentamicin (Elkins-Sinn, Inc., NJ), and 200 mM L-glutamine (Life Technologies).

2. Roswell Park Memorial Institute (RPMI) 1640, Ham’s F10 (F10), or F12 (F12) media.
3. Hank’s balanced salt solution without calcium and magnesium (HBSS; Life Technologies).
4. Phosphate buffered saline (PBS; Life Technologies) with Versene (1 mM EDTA).
5. 0.025% Trypsin in PBS.

3. Methods
3.1. Acquisition of Tissue

With compliance issues at today’s forefront, it is generally accepted that Institu-
tional Review Boards (IRB) have knowledge of tissue being banked and/or cultured
and that human consent is required. Hospitals and associated academic institutions

Fig. 1. Methods used to isolate brain tumor cells for culture from primary surgical or
CUSA specimens.
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generally find it less cumbersome to ask for consent on the hospital’s surgical con-
sent form.

To obtain tissue, RPMI 1640 medium is placed in sterile specimen collection con-
tainers at 4�C until needed. In the operating room, and after the surgical pathologist
deems that adequate material is available for diagnosis, resected remnant tissue is
placed directly into the RPMI 1640 medium and transported immediately to the re-
search laboratory for further manipulation. In some instances, tissue fragments are
also obtained from the specimen trap attached to the CUSA. The specimen trap con-
taining the specimen filter is a suitable container for transport to the laboratory, where
further manipulations ensue in the biosafety hood and adequate protective labwear
and practices are used (see Note 1).

3.2. Tissue Manipulations

3.2.1. Mechanical Dispersion of Tissue
1. If the tissue is bloody, 1–2 rinses of the tissue with 5–10 mL of HBSS should follow with

aspiration of the fluid into a trap with hypochlorite (bleach) or other disinfectant.
2. If enzymatic digestion is planned, leave the tissue within the specimen container for fur-

ther manipulation. Alternatively, with sterile forceps transfer brain tumor tissue to a glass
Petri dish. Add 5–10 mL RPMI 1640 medium and finely mince the tissue (1–2 mm) with
sterile scissors. At this point you may proceed with purely mechanical dispersion of the
minced tissue fragments, or proceed with enzymatic digestion (see Subheading 3.2.2.).

3. Mincing is followed by repeated tituration with a tissue culture pipet. At this point trans-
fer the cell suspension into a 15-mL conical centrifuge tube and allow several minutes for
the large fragments to settle to the bottom of the tube. Place the supernate containing
single cells and cell fragments directly into culture (see Subheading 3.4.). Transfer the
larger fragments that settle to a tissue sieve with a stainless steel mesh. Using a blunt
ended glass rod, force the tissue through the screen, rinse the screen with RPMI 1640, and
then place the cell suspension into culture (see Subheading 3.4.)

3.2.2. Enzymatic Digestion of Minced Tissue
1. Common practice is to enzymatically digest the minced tissue into a single cell suspen-

sion. Add concentrated enzymes to the specimen container at final concentrations of
0.002% DNase type I, 0.01% hyaluronidase type V, and 0.1% collagenase type IV.

2. Add a magnetic flea to the suspension and then place the container at a low setting provid-
ing gentle agitation on a magnetic stirrer. Place the tissue at 37�C for 1–3 h (see Note 2). It
can be determined visually when the clumps disintegrate into a single cell suspension.

3. To remove enzymes, transfer the resulting the cell suspension to a centrifuge tube, maxi-
mize the volume in the tube with HBSS, and centrifuge at 200g for 10 min. Aspirate the
supernatant and process the cell pellet for density gradient centrifugation (see Sub-
heading 3.3.).

3.2.3. Fragmented Tissue Isolated from CUSA Specimen Traps
1. The specimen trap and tissue collection filter (Fig. 2) from the CUSA (Valley Labs, Model

200, Boulder, CO) is nonsterile when shipped. It must be sterilized before use. It with-
stands STERRAD gas sterilization (Advanced Sterilization Products, Irvine, CA;
www.sterrad.com) involving heat exposure up to 70�C. After tissue collection, seal the
specimen trap in the operating room for transport to the research laboratory.
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2. To gain access to the filter for removal of tissue, set the filter on a sterile flat metal tray and
use scissors to slit the bag open at the top end. Recover the fluid inside the bag and place in
50-mL centrifuge tubes. Then lay the bag flat on the tray and slit it down the middle.
Scrape any tissue adherent to the walls of the trap with a flat spatula and transfer into the
same centrifuge tubes. Pipet HBSS sparingly to the inside of the trap, then recover, and
add this cell suspension to the scraped cells. Add HBSS to the maximum volume of the
tubes and obtain cell pellets by centrifuging at 200g for 10 min at room temperature. The
supernatant is then aspirated and discarded.

3. Next, remove red blood cell contamination present in the pellet. Resuspend the pellet in
approx 2–5 mL of HBSS. Then add erythrocyte lysing buffer to the resuspended cell
pellet at the maximum tube volume. Perform this procedure at room temperature, or warm
the contents of the tube slightly by agitating it in a 37�C water bath. Generally, 5–10 min
is sufficient. When hemolysis is noted (see Note 3), centrifuge the tubes once again at
200g for 15 min. The supernatant is aspirated and the cell pellet washed by centrifugation
several more times with HBSS. After the final wash, the cell pellet is resuspended in
HBSS and prepared for density gradient centrifugation (see Subheading 3.3.).

3.3. Density Gradient Centrifugation of Single Cell Suspensions
1. Resuspend the cell pellet in two vol of HBSS and carefully layer over one vol of Ficoll-

Paque density gradient medium (see Note 4). Centrifuge the tubes at 400g for 20 min.
2. Collect the viable cells at the buffer/Ficoll-Paque interface (see Note 5). Wash the cells

isolated at the interface twice with HBSS by centrifugation.

3.4. Culture and Maintenance
3.4.1. Culture Initiation

1. With minced tissue, place aliquots of the cell aggregates into multiple tissue culture flasks.
Add a maximum of 3–4 mL of tissue culture medium to 25 cm2 vented flasks (or loosely
capped nonvented flasks) so the tissue fragments can settle and adhere to the flask surface.
Place the cultures in the incubator and leave undisturbed for 2–3 days (d) so that outgrowth
from the attached tissue occurs. After this does occur, increase the volume to 5 mL.

2. With cells isolated from the Ficoll-Paque gradients, resuspend the cell pellets in 1–2 mL of
DMEM growth medium with supplements for aliquoting into a variety of growth media.

Fig. 2. Specimen collection filter from CUSA specimen trap.
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To maximize the chances of recovering all cell types within the heterogeneous cell popu-
lations, a variety of growth media is used if sufficient numbers are available for culture
(see Note 6). All growth media is supplemented with 10% FBS (v/v), 2 mM L-glutamine,
100 U/mL penicillin, 100 µg/mL streptomycin, and 50 µg/mL gentamicin, pH 7.2.

3. Dispense 9 mL of growth medium and 1 mL of tumor cell suspension into a 75 cm2

culture flask (or 4.5 mL of medium to 0.5 mL of tumor cell suspension in a 25 cm2 culture
flask). The number of flasks initiated depends upon the volume of tumor tissue available.
Place the flasks in an incubator with a humidified chamber at 37�C in 5% CO2.

4. Viable tumor cells attach within the first several days of culture, whereas the majority of
glia do not. Other normal brain cells, such as microglia/macrophage, fibroblasts, endothe-
lial, or trapped glia may initially attach; however, their numbers will decline rapidly and
eventually they will be eliminated from culture because of their slow growth (9). Initially,
every 4–5 d about 50% of the growth medium along with cells in suspension culture are
removed and replaced with fresh growth medium until the predominant cell type is the
attached cell. The cultures are monitored and fed with fresh growth medium at least once
a week.

3.4.2. Passaging and Cryopreservation
1. When cells become confluent (1–4 wk), save the conditioned cell culture medium and

transfer to a centrifuge tube. Gently rinse the attached cells with Versene in PBS and
aspirate. Then add 2–4 mL of 0.025% trypsin in PBS and return the flask to the incubator
and monitor every 5 min.

2. When the cells detach from the culture flask (see Note 7), quench trypsin activity by
adding cell culture medium with supplements. Pellet the cells by centrifugation, remove
the supernatant, and replace with several milliters of fresh culture medium and resuspend
for cell counting.

3. Using a hemocytometer, determine cell counts and viability by trypan blue dye exclusion.
4. At this point, transfer the cell suspension to a larger culture flask, or divide the cells

equally among multiple culture flasks. Generally, cells from a confluent monolayer in
one flask are split among four or five equally-sized flasks. Culture cells in fresh culture
medium containing 20% of the conditioned medium from which the cells were grown
prior to passage.

5. Additionally, cryopreserve a percentage of the low-passage cells to avoid potential loss
resulting from microbial contamination or unforeseen incidents, such as incubator failure.
Cells resuspended in growth medium are mixed with an equal volume of ice-cold, heat-
inactivated fetal calf serum (FCS) containing 15% dimethlysulfoxide (DMSO). Freeze in
cryogenic vials using a Cryomatic Cellevator (L.A.O. Enterprises, Gaithersburg, MD) sus-
pended above the liquid nitrogen in a tank to lower the temperature at 1�C/min. Long-term
storage of vials is accomplished by transferring the vials into liquid nitrogen or into a –80�C
freezer (see Note 8).

3.4.3. Recovery and Expansion of Cryopreserved Cells
1. Quick-thaw cells by placing the freezing vial(s) in a 37�C water bath. Once thawed,

immediately dilute the cells into 10 mL HBSS and wash twice by centrifugation (see Note 9).
2. Once the cells are washed, resuspend them in the appropriate growth medium. After a cell

count and viability determination, plate the cells at 0.5–1.5 million viable cells per 75 cm2

flask. Dependent on cell viability, density at which cells are plated, and length of time the
cells are cryopreserved, it may take up to 2 wk for cells to recover and begin expansion.
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3.5. Characterization of Brain Tumor Cells

1. Brain tumor cells acquire multiple morphologies when in confluent monolayer (5). Pheno-
typically, four growth patterns are described as fibroblastic, fasicular, epithelioid, and glial.
Two morphologic types that we and others report as common (Fig. 3) appear as either long,
slender spindle-shapes or as larger cells with flat, vesiculated epithelioid shapes (6,10,11,14;
see Note 10). We have success in getting 40–50% of cell specimens to plate in culture;
however, those that make it to a cell line designation (≥passage 20) may only amount to
10–15% of those that initially plate. Others stop growing, or grow so slowly that they are
less useful as a cell culture model. If cells are planned for use in vitro models, verify
mycoplasma negativity of the cultured cells and monitor for it routinely (see Note 11).

2. Demonstrate the glial origin of the brain tumor cells at early passage. This is commonly
done by immunohistochemical staining of the cells for markers (11). Cells of astrocytic
lineage generally are glial fibrillary acidic protein (GFAP) positive. This particular marker
may be lost upon repeated passage. Many astrocytic tumors also express vimentin, plate-
let derived growth factor (PDGF), neuron specific enolase (NSE), and S100 protein.
Oligodendrocytic cells generally express galactocerebroside C. Neurofilament is used as
a neuronal marker. If contaminating fibroblasts are present, fibronectin and vimentin will
be expressed on them.

3. Once lineage is confirmed, then perform characterization of the cells for karyotype, tumori-
genicity, genetic, and molecular characteristics. Other sections of this volume will address
the methods for these assays, which include among others, proliferation assays, plating
efficiency, tumorigenicity assays, mobility, and invasion assays. Neuropathologists are find-
ing that genetic and molecular techniques may play a role in distinguishing astrocytomas
from oligodendrogliomas, or mixed oligoastrocytomas. Diagnostically, this carries great
significance, as the latter two types may respond to chemotherapeutics, whereas astrocyto-
mas and glioblastomas do not (15). As such, fluorescence in situ hybridization for chromo-
somes 1p and 19q deletions, or assays for loss of heterozygosity at chromosome 10 may
eventually be routinely used to help confirm diagnoses made by histologic criteria (16,17).
Furthermore, the degree of malignancy of astrocytomas may also be defined by molecular

Fig. 3. Morphologic shapes of cultured glioma cells displaying (A) a fibroblastic morphology:
slender, elongated, spindle-shaped cells with oval nuclei, or (B) an epithelioid morphology: large,
vesiculated, flat polygonal cells with abundant cytoplasm and interconnecting processes.



Brain Tumor Cell Culture 107

criteria (18,19). High-grade astrocytomas also frequently display chromosome 7 amplifica-
tion, resulting in epidermal growth factor receptor (EGFR) overexpression (20,21). The
loss of the chromosome 17 p53 tumor suppressor gene, or mutations of it are also noted in
high frequency in astrocytic tumors (14,17,22).

4. Notes

1. If sufficient sample is available (≥1 mL) for further characterization, it is good practice to
obtain small pieces of tissue that are snap frozen with liquid nitrogen after wrapping in
foil or placing in Tissue Tek OCT embedding compound (Catalog #2583, Sakura Finetek,
Torrance, CA); these can be stored at –80�C. This complements the tissue taken by the
surgical pathologist, the bulk of which is generally formalin-fixed and available in paraf-
fin blocks. When only very small biopsy specimens are available this cannot be done, and
generally the mechanical dispersion method is chosen to minimize loss of cells that occur
by other more extended processing methods involving more manipulation.

2. At times it is convenient to enzymatically digest the minced tissue overnight. If so, the
digestion occurs at room temperature.

3. Hemolysis is observed by noting the change from a turbid suspension to a red transparent
(hemolytic) color at the interface of the fluid and tube. Although it is important to minimize
cell exposure to ammonium chloride, if hemolysis is incomplete, this step may be repeated.

4. In 15-mL conical tubes, generally overlay 4 mL of Ficoll-Paque with 8–10 mL of resus-
pended cell pellet volume. In 50-mL tubes place 12 mL of Ficoll-Paque with 24–36 mL of
resuspended cell pellet. Sharper, more easily visible bands are generally obtained with
gradients in the 15-mL tubes.

5. Aspirate fluid from the top to within several milliliters of the band visible at the interface.
Cells are collected at the interface. Red blood cells and necrotic cells are at the bottom of
the gradient.

6. Brain tumor cells typically grow well in either F10 or F12 media mixed with DMEM at
1/1 (v/v). If cells are not available in the amounts needed for multiple flasks, F12/DMEM
is the medium of preference. DMEM, RPMI 1640 media, and a mixture of RPMI and
DMEM at a 2/1 (v/v) are also used.

7. Some cells may not detach easily with trypsin. Physical collision of the flask against a
gloved hand may help to dislodge the cells from the surface. Only minimal use of cell
scrapers (Fisher Scientific, Pittsburgh, PA) is recommended, as continued use of scrapers
promotes cell aggregation on subsequent passaging.

8. A cryogenic controlled rate freezing container (Fisher Scientific) with an isopropyl alcohol
bath also may be used. These containers generally handle larger numbers of vials. Mainte-
nance of cell viabilities is better when storage is in liquid nitrogen, rather than at –80�C.

9. Cells need to be quickly thawed and the DMSO diluted, as the latter is toxic to cells and
can affect cell viability in culture.

10. Our experience is that the latter larger, vesiculated cells do not grow as rapidly and are
often lost over time in a heterogeneous culture. The vesiculated cells initially may grow
well (10–15 passages), but do not continue to do so after repeated passage. Therefore,
establishment of this type of morphologic cell as a cell line is rare.

11. Hoechst dye can be used for mycoplasma detection. Many companies offer detection kits
(MTC/NI Rapid Detection System, Gen-Probe Inc., San Diego, CA). If positive, the cells
can be treated with a course of antibiotics, such as BM-cyclin (Roche Pharmaceuticals,
Mannheim, Germany).
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Isolation and Culture of Renal Cancer Cell Lines

Jae-Gahb Park, Ja-Lok Ku, and So-Yeon Park

1. Introduction
Renal cell carcinoma (RCC) represents approximately 2% of all cancers and accounts

for 85% of renal cancers in adults. There are more than 30,000 new cases per year and in
excess of 12,000 deaths in the United States (1). RCC is rare in the first two decades of
life, comprising only 2% of pediatric tumors. The incidence increases with advancing
age, peaking in the sixth decade of life.

Until recently, RCC was regarded as a single entity with a wide variety of gross and
histologic appearances and variable clinical course. However, new studies have indi-
cated that RCC is not a single tumor, but rather a group of tumors with distinct histo-
logic features, cytogenetic abnormalities, and genetic alterations. Accordingly, a new
classification of RCC has recently been introduced and the major types of RCC are as
follows: conventional (clear cell) renal carcinoma, papillary renal carcinoma, chro-
mophobe renal carcinoma, and renal cell carcinoma, unclassifiable (2).

Cytogenetic studies of clear cell RCC have shown that most tumors exhibit a
deletion or unbalanced translocation resulting in loss of genetic material in chromo-
some 3p harboring VHL gene (3p25.3) (3). A second nondeleted allele of the VHL
gene shows somatic mutation in 50% and hypermethylation-induced inactivation in
an additional 10–20% of these tumors. Papillary RCC is characterized by trisomies
(chromosome 7, 16, and 17) and loss of the Y chromosome (4). In addition, a trans-
location between chromosome X and 1 has been reported (5). Recently, germline
mutations of c-met oncogene at 7q31 have been detected in families with hereditary
papillary renal cell carcinoma (6).

Tumors grown in cell culture or in athymic nude mice provide more homogenous
tumor materials for study of morphological, biochemical, and molecular changes asso-
ciated with initiation or progression and for use in identification of renal cancer genes.
(7). RCC cell lines have been cultured in vitro by many laboratories during the past
three decades, and many human RCC cell lines have been reported recently (7–11). A
large bank of well-characterized, human RCC cell lines should reflect the diversity of
tumor phenotypes and provide adequate models for tumor heterogeneity.
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In general, RCC cell lines are relatively easy to develop and can be established
from metastatic tissues and primary tumors (success rate, 9.5–49%). Solid renal can-
cers are composed of a mixture of tumor cells of various histological types as well as
normal cells such as lymphocytes and connective tissue cells, which complicates their
molecular analysis (12). Lymphocytes can inhibit the growth of cancer cells. Enzy-
matic digestion of solid primary tumor tissues may result in poor recovery of viable
cells and overgrowth of cancer cells with contaminating stromal cells. The faster grow-
ing stromal fibroblast-like cells easily outgrow and overgrow the cancer cells. The
mechanical spillout method provides a simpler, faster, and less traumatic method of
obtaining cells for culture (13). This method allows the minimization of stromal cell
contamination because stromal cells are not easily detached from the tissue matrix by
mechanical means. Rutzky and Moyer (14) summarized the features of key relevance
for successful culture: nonenzymatic or minimal dissociation of tumor tissue, seeding
cultures as explant and at high cell densities, removal of contaminating fibroblasts
usually after they have aided culture initiation, and delaying passage until high cell
densities have been achieved and plating cells at high density.

In this chapter, we describe the culture of primary renal cell carcinoma cell lines,
and include the detailed protocols relating to the establishment from metastatic and
primary tumor tissues using mechanical spillout, the isolation of pure cancer cells, and
the maintenance, propagation and preservation of cancer cells.

In primary cell culture, dispersed tumor cells can be plated in plastic culture flasks
with a basal medium such as RPMI 1640, or Dulbecco’s minimum essential medium
(DMEM) supplemented with 10–20% heat-inactivated fetal bovine serum (FBS)
(7,8,10). Our laboratory has extensive experience with serum-containing and fully
defined media for the establishment of continuous cell lines derived from human can-
cers. Our RCC cell lines (11) were initially cultured in ACL-4 medium supplemented
with 5% heat-inactivated FBS (AR5) (15,16). ACL-4 is a fully defined medium for-
mulated for the selective growth of human lung adenocarcinoma cells (15,16) and has
proved useful in the establishment of hepatocellular, laryngeal, and colorectal cancer
cell lines (17-19). ACL-4 is a complex medium, consisting of 12 additives to basal
medium (13,15,16).

2. Materials
2.1. Initiation Media for Primary Cell Culture

1. RPMI 1640 medium: RPMI 1640 powder, 25 mM HEPES buffer, 20 mM sodium bicar-
bonate, antibiotics (streptomycin-penicillin, usually 100 U/mL); filter through 0.22 µm
bottle top filter.

2. ACL-4 medium: RPMI 1640 as basal medium, 20 µg/mL insulin, 10 µg/mL transferrin,
25 nM sodium selenite, 50 nM hydrocortisone, 1 ng/mL epidermal growth factor,
10 µM ethanolamine, 10 µM phosphorylethanolamine, 100 pM triiodothyronine, 2 mg/mL
bovine serum albumin (BSA), 2 mM glutamine, 0.5 mM sodium pyruvate.

3. Initiation and growth medium (AR-5 medium): ACL-4 medium supplemented with 5%
heat-inactivated FBS.

2.2. Reagents and Apparatus
1. Sterile PBS, pH 7.0.



Renal Cancer Cell Lines 113

2. Sterile 100-mm Petri dishes.
3. Sterile scissors.
4. Sterile forceps.
5. 5- and 10-mL pipets.
6. Ficoll gradient.
7. Culture flasks (25 cm2) coated with attachment factors such as collagen and laminin.

3. Methods
3.1. Procurement of Tumor Specimens

Solid tumors (metastatic and primary tumors) must be carefully and aseptically
excised from pathologically proven renal cancer samples and transferred to a cell cul-
ture laboratory in RPMI 1640 medium (see Note 1). The transporting RPMI 1640
medium should contain antibiotics, such as penicillin-streptomycin, to prevent bacte-
rial contamination.

3.2. Primary Cell Culture
3.2.1. Procedure for Solid Tumors

1. Transfer tumor tissues to fresh sterile PBS in a dish and rinse.
2. Transfer tumor tissues to a new dish and dissect off necrotic areas, fatty tissues, blood

clots, and connective tissues with forceps and scissors.
3. Finely mince the tumor tissues into very small pieces with sterile scissors.
4. Disassociate tissue pieces into small aggregates by vigorous pipeting with 10 mL of PBS.
5. Allow heavier pieces to sediment by gravity.
6. Carefully harvest the tumor cell aggregates containing washes by pipet and transfer to a

15 mL sterile centrifuge tube.
7. Centrifuge and remove the supernatant.
8. Wash by resuspending in PBS, centrifuge, and again remove the supernatant.
9. Resuspend the pieces in 5 mL of AR-5 initiation medium.

10. Transfer the pieces to a 25-cm2 flasks.
11. Harvest the remaining large pieces, place in a 15-mL sterile centrifuge tube,centrifuge,

remove the supernatant, and culture immediately.
12. Cap the flask and maintain in a humidified incubator at 37°C in an atmosphere of 5% CO2

and 95% air.

3.3. Isolation of Cancer Cells
Most renal cancer cells can grow as either firmly or loosely adherent colonies. If

the cancer cells are adherent, the medium is changed weekly until a substantial out-
growth of cells is observed. Isolation of the cancer cells is performed when heavy
tumor-cell growth is observed. Several methods can be employed to isolate pure can-
cer cells.

3.3.1. Rapping Method

This method is used when cancer cells are loosely attached to the surface of the
culture flask and grow as adherent colonies among the stromal fibroblast cells. Of
these cancer cells, some cancer cells or whole colonies are detached from the colonies
and grow in suspension.
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1. Gently tap the flasks.
2. Harvest the individual cancer cell and colonies.
3. Transfer the floating aggregates to a sterile centrifuge tube.
4. Spin the cells at 400g for 5 min, decant two-thirds volumes of supernatant from the pel-

lets and add 5 mL of ACL-4 medium supplemented with 5% FBS.
5. Seed the cell pellet into 25-cm2 flasks.
6. Cap the flask and maintain the culture in a humidified incubator at 37°C in an atmosphere

of 5% CO2 and 95% air.

3.3.2. Scraping Method

Usually, firmly adherent colonies surrounded by stromal fibroblasts form large
densely packed colonies that continue to grow laterally, slowly infiltrating, and dis-
placing the adjacent fibroblasts or mesothelial cells. Eventually, the entire flask may
be taken over by these tumor cells. In this case, cancer cells can be isolated by scrap-
ing and differential trypsinization (13). In our experience, when large adherent cancer
cell colonies are less impeded by surrounding fibroblasts, scraping is the best way of
isolating the cancer cells; the cells are less damaged and stromal contamination is
minimized (11,17–19).

1. Maintain the culture until the adherent colonies form well-isolated large colonies (5–10 mm
in diameter). This may take several months.

2. Select colonies and mark with marker pen on the flask base.
3. Decant the medium and add 1 mL of growth medium.
4. Detach the adherent colonies by scraping with a policeman or cell scraper, to allow them

to float freely in the medium.
5. Add 4 mL of growth medium and harvest the detached colonies with a pipet.
6. Transfer the cancer cells into 25-cm2 flasks.
7. Maintain cultures in humidified incubators at 37°C in an atmosphere of 5% CO2 and

95% air.

3.3.3. Differential Trypsinization Method

Some cancer cells grow among stromal fibroblasts and produce small colonies.
Usually these cancer cells do not overgrow the fibroblasts. In these cases, the differen-
tial trypsinization method is preferred. The method depends on differences in cell sus-
ceptibility to trypsinization (13). Some cancer cells are more susceptible to
trypsinization than the fibroblasts and vice versa.

1. Decant the medium, rinse with PBS, and remove the PBS by aspirating.
2. Add 1.5 mL of diluted trypsin (0.025% or 0.05% or 0.1% trypsin).
3. Place into incubator at 37°C for approx 3 min.
4. Observe the flasks under the inverted microscope through incubating, and determine

whether cancer cells or fibroblasts are detached. If both cancer cells and stromal fibro-
blasts remain attached, incubate the culture flasks until either the cancer cells or fibro-
blasts detach.

5. If cancer cells have detached and fibroblasts remain attached, add 5 mL of growth me-
dium containing serum and harvest the detached cancer cells. If, on the other hand cancer
cells remain attached and the fibroblasts have detached, remove the medium, rinse with
the growth medium, and then add 5mL of growth medium.
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6. Centrifuge the harvested cancer cells, remove the supernatant, and add 5 mL of AR-5
growth medium.

7. Transfer the cancer cells into 25-cm2 flasks.
8. Maintain cultures in a humidified incubator at 37°C in an atmosphere of 5% CO2 and

95% air.

3.4. Propagation and Preservation of Cancer Cells
After establishing cancer cell lines (see Figs. 1 and 2), initial passages are per-

formed when heavy tumor-cell growth and large colonies are observed. Subsequent
passages are performed every week or two.

Fig. 1. Phase contrast microscopy of SNU-1272 renal cell carcinoma cell line.

Fig. 2. Phase contrast microscopy of SNU-328 renal cell carcinoma cell line.
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The ACL-4 medium supplemented with heat inactivated 5% FBS, which is used in
primary cell culture, can be also used for the propagation of renal cancer cell lines
(11). This medium must be used until the isolated cancer cells are considered as a cell
line. After establishment of cell lines, AR-5 medium can be replaced with RPMI 1640
medium supplemented with 10% heat inactivated FBS (11) (see Note 2).

1. Remove the supernatant and rinse with sterile PBS.
2. Add 2 mL of trypsin-EDTA (usually 0.05%) in PBS and incubate at 37°C for approx

3 min.
3. Add 5 mL of RPMI 1640 medium supplemented with 10% FBS and centrifuge.
4. Decant the supernatant and redisperse the cancer cells by pipeting with the AR-5 growth

medium.
5. Seed the cell pellet into new 25-cm2 flasks.
6. Cap the flasks and maintain the cultures in a humidified incubator at 37°C in an atmo-

sphere of 5% CO2 and 95% air.

If the adherent cancer cells are not detached in the flasks, the concentrations of
trypsin-EDTA and the incubation times can be increased.

3.5. Representative Characteristics
of Cultured Renal Cell Carcinoma Cell Lines

The SNU-349 cell line was derived from a renal cell carcinoma, clear cell type. The
original tumor of SNU-349 cell line was characterized by optically clear cytoplasm of
tumor cells in acinar or alveolar arrangement (Fig. 3A). The nuclei were round and
uniform. The nucleoli were absent or small nucleoli were occasionally seen. SNU-349
cancer cells grow as polygonal cells with flattened cytoplasm and a strong adherence

Fig. 3. (A) Primary tumor (clear cell type) of SNU-349 renal cell carcinoma cell line.
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Fig. 3. (B) Phase contrast microscopy of SNU-349 renal cell carcinoma cell line. Tumor cells
demonstrate the polygonal morphology.

to the plastic flask containing the culture (Fig. 3B). The SNU-482 cell line was de-
rived from granular variants of clear cell renal cell carcinoma. The original tumor of
SNU-482 was aggressive; it invaded into the renal artery and vein, and metastasized to
the regional lymph nodes (Fig. 4A). The cytoplasm of tumor cells was variably eosi-
nophilic and granular. The nuclei were large and irregular and had prominent nucleoli.

Fig. 4. (A) Primary tumor (granular variant of clear cell type) of SNU-482 renal cell carci-
noma cell line. (Continued on next page.)
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The tumor cells were arranged in solid acinar or tubular pattern with multifocal geo-
graphic necrosis. The cells of SNU-482 were stellate (Fig. 4B) with the cytoplasmic
processes frequently overriding the adjacent cells, resulting in a 3D configuration.
Some of the cells were round or oval with minimal adherence to the plastic surface.
The nuclei of these round cells appeared smaller than those in the flattened cells, an
apparent example of nuclear pleomorphism.

4. Notes

1. Whenever possible, invasive areas from the serosal surface should be selected for pri-
mary tumor cultures, to reduce the possibility of microbial contamination.

2. It is recommended that early passages are frozen in cryoprotective medium to prevent
loss of the cell lines by contamination or other laboratory accidents.
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Isolation and Culture of Prostate Cancer Cell Lines

Nora M. Navone, Matilde Olive, and Patricia Troncoso

1. Introduction
The ability to establish cell cultures from primary tumors and metastases of pros-

tate cancer in a reliable and consistent manner is a valuable tool for studying the biol-
ogy of these tumors and evaluating the effectiveness of novel therapies. A procedure
to propagate human prostatic epithelial cells in vitro for a limited number of cell gen-
erations was developed by others (1,2) and was extended to prostate cancer cells from
primary tumors (1,3). However, reproducible methods to propagate prostatic cancer
cells from more advanced tumors have not been established. This may reflect the fact
that prostate cancer cells derived from primary tumors are thought to have nutritional
requirements similar to normal prostatic epithelial cells (1,3), whereas more advanced
tumors may have different growth requirements, depending on the specific genetic
alterations acquired during disease progression. It is therefore understandable why a
single protocol may not result in optimal growth of all cancer cells in vitro (which
would open up possibilities for long-term culture), that the establishment of human
prostate cancer cell lines is very difficult, and that there are few established cell lines
(4). During the past five years, we have processed 100 prostate cancer specimens in
attempts to determine their optimal growth conditions and to establish long-term cul-
tures, cell lines, and xenografts. We have processed different types of tissue samples
(tissue fragments, needle biopsy samples, and fine-needle aspiration biopsy samples)
from prostate cancer samples obtained at radical prostatectomy and samples from dif-
ferent metastatic sites (bone, lymph node, liver, skin, adrenal gland, brain, and lung).
As a result we have established two human prostate cancer cells lines (5) and several
prostate cancer xenografts. In this chapter, we will describe our experience.

1. Materials
1. Culture media:

a. RPMI 1640 (6) with 5 µg/mL insulin, 30 nM sodium selenite, 10 nM hydrocortisone.
b. BRFF-HPC1 (7), a modification of PFMR-4 (8,9) basal medium (10) without phe-

nol red, with less calcium (0.2 mM), 15 mM HEPES buffer, 5 ng/mL epidermal
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growth factor (EGF), 100 µg/mL bovine pituitary extract (BPE), 0.28 µM hydro-
cortisone, 5 µg/mL insulin, 0.1 nM dihydrotestosterone, 250 µg/mL bovine serum
albumin, 25 ng/mL cholera toxin, 5 µM phosphoethanolamine, and 10 µg/mL
trypsin inhibitors (7).

c. F12K (11) with 5 µg/mL insulin, 30 nM sodium selenite, 250 nM hydrocortisone,
25 ng/mL cholera toxin, 5 ng/mL EGF, and 100 µg/mL BPE.

2. Collagen coated dishes: dishes coated with Vitrogen (Cohesion, Palo Alto, CA) in 12 mM
HCl (1/4 v/v) or commercially available tissue culture dishes coated with collagen type I.

3. Hank’s balanced salt solution (HBSS) without calcium chloride, magnesium chloride, or
magnesium sulfate and with 10 mM HEPES.

4. 10X Red blood cell (RBC) lysis buffer: 1% Potassium bicarbonate, 8.26% ammonium
chloride, and 1 mM ethylenediaminetetraacetic acid (EDTA). Sterile filter and store at
4°C for up to 5 d.

5. Collagenase digestion medium: 10 mL growth medium plus 40–100 U/mL collagenase,
sterile filtered, and used fresh.

6. Trypsin/EDTA solution: 0.2% trypsin/0.02% EDTA in HBSS.
7. Freezing medium: growth medium plus 10% fetal bovine serum (FBS) and 10% dimethyl

sulfoxide.
8. Six- to 8-wk-old male athymic (nude) or mice with immunodeficiency disease (SCID).

3. Methods

3.1. Tissue Collection
The selection and sampling of cases is best performed in collaboration with a

pathologist, urologist, and/or oncologist (see Note 1). It is essential to minimize the
time between sample acquisition and processing. It is also important to incorporate
the clinical information (for example, tumor response to therapy) into the protocol
for processing and propagation of the tissue specimen.

1. Dissect small sections of prostate cancer tissue from different areas of the tumor.
2. Collect the tissue sample in a sterile vessel containing HBSS with HEPES and store at

4°C for processing within a few hours.
3. To optimize the use of prostate cancer specimens and because prostate cancer xenografts

can be expanded in sufficient quantities to allow biochemical and molecular studies, it is
also important, whenever possible, to set aside tissue for direct injection into immuno-
suppressed mice.

4. Subject the mirror-image tissue sample from each sample obtained for tissue culture to
routine tissue processing (formalin fixation and paraffin embedding) and histopathologic
analysis of H&E-stained sections to assess the tumor cells in the dissected material. Per-
form the procedures under sterile conditions. Whenever possible, freeze a small amount
of blood or normal tissue for comparative purposes (for example, analysis of loss of het-
erozygosity). These samples can also be used to confirm the origin from a particular
patient if necessary.

3.2. Tissue Processing

3.2.1. Tissue Preparation for Tissue Culture
The purpose of this step is to obtain clumps of epithelial cells and microexplants of

viable neoplastic cells. There is no single recommended procedure for all specimens.
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The procedure must be adjusted for the source of the material (primary tumor or
metastasis) and the findings at macroscopic examination (see Note 2). An initial
gross examination of the specimen will help to determine the appropriate steps to
follow. The quality of the tumor sample is the most important factor determining the
rate of success in obtaining initial growth of tissue explants. Unfortunately, meta-
static tumors with the highest growth potential usually have extensive necrosis that
interferes with the growth of epithelial and stromal cells. To reduce the effect of
tumor necrosis and to increase the rate of success in establishing cell lines of meta-
static prostate carcinoma we currently use tissue samples from several areas of each
tumor and increase the total number of samples processed.

1. Place the tissue specimen in a sterile 35- to 60-mm dish and gently wash it several times
with HBSS, to remove blood and any contaminant from the initial processing.

2. Using sterile forceps and scissors, remove fat and necrotic tissue.
3. Mince the tissue sample into pieces of approx 1 mm3 by using scalpels and/or sharp scis-

sors so that minimal cell damage is done.
4. At this time, note whether single cells are easily released from the tissue by the pressure

of the instruments and how firm the tissue is; this will suggest whether the tissue speci-
men must be enzymatically digested to obtain cell clumps and microexplants. If the tissue
is easily disaggregated into cell clumps, then no enzymatic digestion is necessary. Other-
wise, add collagenase (40 U/mL) to the growth medium.

5. Monitor the digestion every 2 h (by gently shaking the tube with the digestion mixture),
and periodically check cell viability in an aliquot under the microscope (by the trypan blue
exclusion assay). Usually tissue specimens from primary tumors require overnight diges-
tion and tissue specimens from metastasis require approx 1–4 h. The duration of digestion
can be modified by changing the collagenase concentration. Manipulation of tissue should
be minimal and the cells placed in the optimal growth conditions as soon as possible.

6. Collagenase digestion is less harmful to epithelial cells than is digestion with other
enzymes (for example, trypsin) but leads to incomplete digestion, so after the enzymatic
digestion, digested tissue should be mechanically disaggregated by pipeting up and down
with a 10- or 25-mL pipet to obtain small clumps of epithelial cells and microexplants.

7. Although we have obtained better results with microexplants and clumps than with single
cells, single cells released during digestion can be collected by allowing clusters to settle.

8. Wash the digestion mixture of the cells, cell clumps, and microexplants by centrifugation
(50–100g for 20 seconds [s]) and resuspend the pellet in HBSS. Repeat this process two
more times, and then resuspend the cell pellet in growth medium plus 10% FBS.

9. As RBCs in the digested tissue usually interfere with tumor cell survival and attachment,
if many RBCs are present, then resuspend the digested tissue in HBSS, and add four
volumes (vol) of 1X RBC lysis buffer, incubate it 10 min at room temperature, and centri-
fuge at 100g for 20 s. Repeat this procedure as necessary, and then resuspend the pellet in
HBSS, and repeat the centrifugation and resuspension twice. Finally, resuspend the cell
pellet in growth medium plus 10% FBS.

10. Seed the resuspended cells on collagen-coated dishes in growth medium with 10% FBS, at
a high cell density, because epithelial cells grow more efficiently when plated at high den-
sity and because it is expected that only a low proportion of the cells will grow in vitro.

Samples derived from bone marrow aspiration or biologic fluids (for example,
ascites) should be centrifuged (50–100g for 20 s) and the pellet obtained resuspended
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in HBSS. Repeat this process two more times, and then resuspend the cell pellet in
growth medium plus 10% FBS. The sample should be then processed as detailed in
steps 9–10.

3.2.2. Tissue Preparation for Injection in Immunodeficient Mice

The purpose of this step is to obtain tissue samples of viable neoplastic cells of
approx 3–5 mm3. The procedure is as follows:

1. Place the tissue specimen in a sterile 35- to 60-mm dish and gently wash it several times
with HBSS, to remove blood and any contaminant from the initial processing.

2. Using sterile forceps and scissors, remove fat and necrotic tissue.
3. Cut the tissue sample into pieces of approx 3–5 mm3 by using scalpels and/or sharp scis-

sors so that minimal cell damage is done.

Samples derived from fine needle aspiration or biologic fluids (for examples,
ascites) should be centrifuged (50–100g for 20 s) and the pellet resuspended in
HBSS. Repeat this process two more times, and if many RBCs are present the sample
should be then processed as detailed in Subheading 3.3.2., step 6. Finally the cell
pellet should be resuspended in a minimal volume of growth medium.

3.3. Cell Culture

3.3.1. Background

In total, we have processed tissue samples derived from normal prostate, primary
prostate cancer of various histologic grades, and prostate cancer tissue from different
metastatic sites. Tissues were obtained from surgical specimens or excisional biopsies
of distant metastatic sites (32 specimens), incisional biopsies (17 specimens), bone
marrow aspiration specimens (12 specimens), ascites (5 specimens), and pleural effu-
sions (2 specimens). Although serum free conditions have been developed to propa-
gate prostate epithelial cells from primary tumors (1–3), in our current
tissue-processing protocol, growth and attachment of most cultures derived from meta-
static sites require the presence of serum. We grew all specimens in medium supple-
mented with 10% FBS, monitored the cultures daily, and adjusted the serum
concentrations accordingly as detailed in following paragraph, this subheading.

In our attempts to grow prostate cancer cells in vitro, we processed each tissue
specimen as described in Subheading 3.2., and if enough material was available, we
tried several different growth media per specimen. Nine of the surgical specimens or
excisional biopsies initially attached and grew, some remained viable for up to four
passages, and two human prostate cancer cells lines, MDA PCa 2a and MDA PCa 2b,
were established (5). There was no difference in the initial cell growth obtained in
samples from primary tumors or metastatic sites, however it must be emphasized that
most primary tumors used are androgen independent and have failed multimodality
therapy and therefore cannot be compared with success rates using therapy-naive pri-
mary tumors. Most tissues derived from biopsies and fine needle aspirations did not
render cell growth. The tissue-culture media that most efficiently supported growth of
the prostatic cells were RPMI 1640 with additives and BRFF-HPC1 (7).
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The MDA PCa 2a and MDA PCa 2b lines were derived from a bone metastasis of a
prostate cancer that was undergoing androgen independent growth. The processed tis-
sue from which MDA PCa 2a was derived was initially seeded in collagen-coated dishes
and grown in RPMI 1640 with additives and 10% FBS. Tissue microexplants attached,
but epithelial cells arising from the microexplants formed clumps that remained viable
in suspension. After 1 mo, we collected the clumps in suspension and placed them in a
collagen-coated dish with BRFF-HPC1 plus 10% FBS. The MDA PCa 2a cells subse-
quently grow as monolayers.

The processed tissue from which MDA PCa 2b was derived was initially seeded in
collagen-coated dishes and grown in BRFF-HPC1 supplemented with 10% FBS. The
cells grew in monolayer. Normal fibroblasts were also growing as undesired contami-
nants, so we reduced the FBS to 2% until the fibroblasts died (after about 4 mo) and
then increased the FBS back to 10%. For MDA PCa 2a and MDA PCa 2b, using col-
lagen-coated dishes and serum was absolutely necessary for cell growth at the early
phases of establishment.

For the contents of BRFF-HPC1 see Subheading 2., item 1a. The basic nutrient
medium PFMR-4 evolved by modifications of Ham’s F12 and differs from F12K
mainly by the addition of HEPES, replacement of cysteine with cystine, and reduc-
tion in the osmolarity to 280 mOsm/kg (8,11). PFMR-4 basal medium was demon-
strated to be better at supporting growth of prostate cancer cells than other types of
basal media (8,9). Previous reports have demonstrated that the addition of insulin,
cholera toxin, and EGF improves growth of prostate cancer cells in vitro (8,9),
although those results were density dependent. Subsequent studies demonstrated that
addition of bovine pituitary extract and hydrocortisone to the growth medium sub-
stantially improved prostate cell growth in vitro (3). Similar growth requirements
were described by McKeehan et al. (12,13) for epithelial cells derived from normal
and tumor tissue from the rat prostate (12,13).

Hydrocortisone, insulin, transferrin, estradiol, and selenium (HITES) is a modifi-
cation of RPMI 1640 (6,14) that was originally developed as a selective agent for
growing small cell lung cancer cells. We have used a modified version of RPMI 1640
with insulin, sodium selenite, and hydrocortisone alone. MDA PCa 2a cells (5) were
established with this combination and the LNCaP prostate cancer cell line (15) was
established with RPMI 1640. This suggests that this basal medium formulation favors
the growth of prostate cancer cells from metastatic sites.

3.3.2. Recommended Procedures for Cell Growth
1. If enough tissue is available, try several tissue-culture conditions for each specimen. We

recommend using BRFF-HPC1, RPMI-1640 with additives, and F12K with supplements,
all supplemented with 10% FBS.

2. After seeding, allow the cells to attach for 3–4 d without any further manipulation.
3. Then, examine cell cultures by phase contrast microscopy to assess cell viability, attach-

ment of cell clumps and microexplants to the dishes, and outgrowth of epithelial cells
and/or fibroblast-like cells (see Note 3). Also, as we have observed that some prostate
cancer cells survive for long periods of time in suspension, look for viable cells in the
culture medium. The following outcomes can be observed:
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a. Microexplants with outgrowths of epithelial cells (Fig. 1A). When this is observed,
the culture conditions in that particular dish are probably appropriate, the medium
should be changed with fresh medium every 4–6 d, and the culture should be moni-
tored every 3–4 d. If cell colonies with fibroblast-like morphology appear (Fig. 1B),
reduce the concentration of FBS to 2–5% and closely monitor the epithelial cells
for viability.

b. Microexplants attach to the dish, and there is no outgrowth of epithelial cells, but
clumps of epithelial cells are released to the medium (Fig. 1C). These clumps
appear round and shiny under the phase contrast microscopy, which indicates they
are viable (Fig. 1D). The culture should be collected, centrifuged, resuspended in
growth medium plus 10% FBS, and placed back in the same dish, which will avoid
excessive dilution of cells. If the number of floating clumps increases after several
changes of medium, then seed the floating clumps into another dish with a different
growth medium plus 10% FBS. Closely monitor the cells to ensure there is no lose
of viability. If enough cells are available, seed viable cells in three different growth
media with 10% FBS.

c. Cell clumps derived from microexplants or directly from digested tissue attach and
show signs of mitosis (Fig. 1E and 1F). Add fresh medium every 4–6 d and closely
monitor the culture. If cell colonies with fibroblast-like morphology appear (Fig. 1B),
reduce the concentration of FBS to 2–5% and closely monitor the epithelial cells for
cell viability.

4. If these procedures do not render cell growth or attachment, try combinations of the
methods described in steps 1–3 and additions or subtraction of various factors (for
example, hydrocortisone) to obtain cell growth. Monitor the cultures daily to determine
course of action.

5. Allow the cells to grow until semiconfluent before they are subcultured or frozen. The
split ratio after subculture will depend on the doubling time of the cell line; in general,
low-passage cell lines have a long doubling time, and therefore a ratio of 1/2 is recom-
mended. If the cells grow very slowly and more than one dish is available, we suggest
splitting one dish 1/1 before the culture is subconfluent. This will prevent microbial con-
tamination (which is likely to occur when a culture is maintained for a long period of time
in the same dish), and may also stimulate cell growth. Routinely document cell morphol-
ogy and manipulation of cultures, and freeze cells at each passage.

6. For subculture, use trypsin/EDTA and the following standard procedure (6).

a. Add enough trypsin/EDTA to cover the culture dish.
b. Leave it for 15–30 s.
c. Withdraw the excess trypsin/EDTA (make sure the cells have not detached).
d. Incubate the dish at room temperature, and monitor cells rounding up by

microscopy.
e. Add growth medium plus 10% FBS and resuspend the cells by repeatedly

pipeting over the surface of the culture dish.
f. Transfer the resuspended cells to a centrifuge tube, rinse the dish with HBSS,

and add the rinse to centrifuge tube.
g. Centrifuge the cells (50–100g for 20 s) and resuspend the pellet in HBSS.

Repeat the process two more times, and then resuspend cell pellets in growth
medium plus 10% FBS and transfer it to collagen-coated dishes.
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Fig. 1. Phase-contrast micrographs of cell cultures derived from human prostate cancers.
(A) Outgrowth of prostate cancer epithelial cells after 2 wk of incubation of a primary
microexplant. The undisaggregated tissue fragment (primary microexplant) is seen as a dense
area in the center. Original magnification �120. (B) A relatively pure fibroblastic area in a
human prostate cancer culture at passage 4. Original magnification �200. (C) Primary
microexplant from human prostate cancer (a dense area in the center), with human prostate
cancer cell clumps (asterisk) arising from the microexplant and remaining in suspension.
Fibroblast-like cells are also seen growing in the dish. Original magnification �100.
(D) Human prostate cancer cell clumps in suspension. Note that the cells are shiny, indicat-
ing that they are viable. Original magnification �200. (E,F) Early passages of human pros-
tate cancer cells derived from metastatic sites. Original magnification �100.
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3.3.3. Experimental Alternatives
to Improve Prostate Cancer Cell Growth In Vitro

Classic research in tumor biology has focused on the cancer cells directly, but over
the last years, it has become increasingly clear that the cellular microenvironment also
has an important role in tumor progression (16). Fibroblasts from normal breasts have
been found to inhibit the growth of nontumorigenic mammary epithelial cells, although
fibroblasts from cancerous breasts stimulated proliferation (17); similar results have
been found in coculture experiments with prostate cells (16,17). The metastatic dis-
semination pattern of prostate cancer is unique in that it has a predilection for bone in
about 80% of cases—with a tendency to develop bone metastases as the only site of
progression. This suggests that the bone microenvironment may provide growth stimu-
lating factors for prostate cancer cells (18,19). In agreement with this hypothesis, pre-
vious work by L. W. Chung and colleagues showed that prostate- and bone-derived
fibroblasts (nontumorigenic fibroblasts from an osteogenic sarcoma) accelerated the
growth of prostate cancer cells in vivo and were mitogenic for prostate cancer cells in
vitro (20). The use of prostate- and bone-derived fibroblasts in coculture with prostate
cancer cells may therefore be of use to increase the growth potential of prostate cancer
cells in vitro.

Prostate cancer is also unique in that it is the only malignancy that consistently
produces osteoblastic bone metastases (18,19), suggesting an interaction between pros-
tate cancer cells and cells of the osteoblast linage. We have established an in vitro
model of bone metastases using MDA PCa 2a and MDA PCa 2b cell lines (21). The
model consists of a bicompartmental coculture system of primary mouse osteoblasts
and human prostate cancer cells. In this system the cells share medium but are not in
physical contact. Using this system, we found that bone-derived MDA PCa 2a and
MDA PCa 2b prostate cancer cells induce osteoblast growth and differentiation (21),
we also found that DNA synthesis was increased in these prostate cancer cells in
coculture with primary mouse osteoblasts (unpublished results). These findings sug-
gest the existence of a paracrine loop between bone forming prostate cancer cells and
primary mouse osteoblasts. This may also be a suitable approach to optimize prostate
cancer growth in vitro.

3.4. Human Prostate Cancer Xenografts
3.4.1. Background

We have processed 68 tissue specimens derived from prostate cancer and have
injected samples of the processed specimens into athymic (nude) and SCID mice to
obtain in vivo tumor growth. We have processed 24 surgical specimens or excisional
biopsies of distant metastatic sites, 23 incisional biopsies, 11 bone marrow aspirates,
4 ascites, and 6 pleural effusions. We obtained in vivo tumor growth of metastases in
12 of the 24 surgical specimens or excisional biopsies, 3 of 23 excisional biopsies,
none of the bone marrow aspirates, one from the ascites, and one from pleural effu-
sions (see Note 4).

No difference in the initial in vitro cell growth or in vivo propagation was found in
specimens derived from therapy resistant primary tumors or metastases. There was no
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difference in the in vivo cell growth obtained with samples from primary tumors or the
different metastatic sites. Most primary tumors that are used have failed therapy and
therefore cannot be compared with the success rate of therapy-naive primary tumors
(see Note 5). These results indicate that biopsies and fine needle aspirations do not
yield significant cell growth in vivo, and therefore surgical specimens or excisional
biopsies should be used as a source of tissue whenever possible.We have used nude
and SCID mice and found no difference in tumor yield under our protocol.

3.4.2. Recommended Procedure for In Vivo Cell Growth
1. Anesthetize immunodeficient mice (100 mg/kg ketamine + 2.5 mg/kg acepromazine

intraperitoneal).
2. Using sterile scalpel make a small incision in the right axilla area.
3. Using sterile forceps make a small subcutaneous pocket through the incision.
4. Mix tumor pieces with Matrigel (1/1, v/v) and place it in the subcutaneous pocket.
5. Close subcutaneous incision with wound clips and monitor mice until they are able to flee

or defend themselves.
6. Monitor mice twice weekly for tumor bulk.

Whenever a cell suspension is available for injection, mix it with Matrigel (1/1, v/v),
aspirate mixture into a syringe, and inject up to 100 µL of cell suspension subcutane-
ously into the axilla area.

3.5. Alternatives for Cell Culture

The basal medium PFMR-4A with supplements has been used as a serum free me-
dium for propagating normal and cancer cells from primary tumors (1). PFMR-4A is
also a modification of PFMR-4 containing 10 times more isoleucine, leucine, threo-
nine, glutamine, inositol, thymidine, and methionine, and no trace elements (1,22).
The supplements used are similar to those used with BRFF-HPC1 but the hydrocorti-
sone concentration is a 100-fold less, there is no dihydrotestosterone, and α-toco-
pherol, and retinoic acid are included (1).

McKeehan and colleagues (12,13,24) developed the nutrient medium WAJC 401,
which contains insulin, EGF, cholera toxin, BPE, prolactin, and dexametasone and
supports rapid proliferation of normal and tumor epithelial cells from rat prostate.
WAJC 401 is a modification of MCDB 151 (24) and differs from PFMR-4A mainly in
its lower calcium concentration (1).

3.6. Pitfalls

A recent publication reported that two cell lines thought to be from prostatic can-
cer (TSU-Pr1 and Jca-1) may in fact be derivatives of T24 bladder carcinoma cells
(25). Moreover, it has also been suggested that other prostate cancer cell lines share
common origins (26,27). The discovery of cross-contamination of many cell lines
with HeLa cells (28,29) was the first clear evidence that cell lines with very short
doubling times can contaminate other cell lines. This is a particular concern for low-
passage cultures with long doubling times, because a small number of cells can inad-
vertently be transferred from a rapidly growing cell line into the slower culture and
easily overgrow it. Accidental transfer can occur if a pipet touches the neck of a
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bottle of medium or by the formation of aerosols in the tissue-culture hood when
flasks are open.

To avoid cross-contamination, dedicate a tissue-culture hood to handling primary
cultures and low-passage cell lines. If this is not possible, then, in addition to the
standard procedures of good practice in a tissue-culture facility (6), the following
guidelines should be enforced: only one cell line should be used in a tissue-culture
hood at any one time, the hood should be cleaned before the introduction of another
cell line, bottles or aliquots of medium should be dedicated for use with only one cell
line, and fast-growing cell lines should be handled at the end of the day.

3.7. Assessment of Cell Type and Prostate-Specific Markers,
Authentication of Origin, and Characterization of a New Cell Line

 The epithelial origin of the cells can be verified by their morphology and keratin
expression. Expression of specific keratins is often altered by cell culture; therefore,
we recommend using pan-keratin antibodies that recognize many cytokeratins. Cul-
tured cells can be immunostained by using the avidin-biotin-peroxidase complex tech-
nique. The cell cultures also should be further characterized by immunological analysis
of the tissue-specific markers prostate specific antigen and prostatic acid phosphatase.

Because of the potential cross-contamination, it is important to store samples of the
normal tissue or DNA from the cell line source to allow for future authentication by
DNA fingerprinting. It is also desirable to obtain a DNA fingerprint or profile of the
cell line before it is used.

The cultures should also be characterized cytogenetically (by G-banding or fluo-
rescence in situ hybridization), and their population doubling time, colony-forming
efficiency, morphology under phase-contrast microscopy, and tumorigenic potential
in immune-deficient mice should be determined.

Finally, screening for mycoplasma contamination is essential and should be per-
formed routinely.

4. Notes
1. A tissue culture facility to propagate prostate cancer specimens must be based on a coor-

dinated, multidisciplinary effort to obtain fresh tissue.
2. At the time the specimen is received, sampling and selection must be implemented through

histopathological assessment of viable cells in the fresh specimen. Close interaction with
the attending physician helps to incorporate the benefit of clinical observations into the
culture conditions.

3. Two frequent contaminants have to be considered. One is normal epithelial cells, which
(under serum-free conditions) may be selected for when a primary tumor is being cul-
tured. Primary tumors frequently are surrounded by normal prostate tissue and the culture
conditions do not select against normal prostate epithelial cells. The normal epithelial
cells can overgrow the cancer cells in culture. The best way to avoid this is to use a tissue
sample in which tumor cells predominante. At present, there are no markers for identify-
ing prostate cancer cells in vitro, but molecular cytogenetics methods can be used to
assess whether genetic gains or losses present in the original tumor are present in the cell
culture. In any case, the final proof of the origin of an epithelial cell culture is that only cancer-
derived epithelial cells will become immortal (grown for more than 20 passages in vitro).
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A second major contaminant is stromal cells. Prostate cancer is multifocal and is fre-
quently surrounded by fibroblasts and/or smooth muscle cells. When the tumor is from a
metastatic site, the most common contaminants are fibroblasts, which can usually be eas-
ily identified by the expert eye on phase-contrast microscopy (Fig. 1B). We described
some techniques earlier to select for the epithelial component. The most important tech-
nique is to monitor the culture daily and try alternative procedures such as reducing the
serum concentration, the selective adhesion technique (after 2–4 h of subculture, when
the fibroblasts will have attached, harvest the epithelial cells by gently washing the cul-
ture with HBSS, and transfer the epithelial cells to a new dish), and the selective detach-
ment technique (briefly expose the culture to trypsin, which will release fibroblasts more
readily than epithelial cells, and then gently wash the culture with HBSS and transfer to a
new dish).

3. In our experience fine needle aspirations do not constitute a suitable source of cells to
obtain growth in vitro or in vivo.

4. No difference in the initial in vitro cell growth or in vivo propagation was found in speci-
mens derived from therapy-resistant primary tumors or metastases.
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Isolation and Culture of Ovarian Cancer Cell Lines

Simon P. Langdon

1. Introduction
Ovarian cancer is the leading cause of death from cancer of the female reproductive

system with 1 in every 70 women developing the disease. In the United States for the
year 2000, there were projected to be approx 23,000 diagnoses and 14,000 deaths from
ovarian cancer (1). Most patients present with disease that has advanced beyond the
ovaries, and although the majority of patients will show an initial response to chemo-
therapy, virtually all patients with advanced disease at presentation will die.

Human ovarian cancer cell lines have provided valuable model systems to study a
variety of tumor characteristics, including cellular biology, genetics, and chemosensi-
tivity. A large number of ovarian cancer cell lines have been established and many of
these are in widespread use (Table 1; 2–18). Some examples are illustrated in Fig. 1.
These models reflect the diverse characteristics found in clinical specimens such as a
varying response to chemotherapy and differing p53 status.

Although ovarian cancer cell lines have been obtained from primary tumors, solid
metastatic deposits, and pleural effusions (Table 1), most have been derived from
the peritoneal ascites of ovarian cancer patients. Ascitic fluid provides a convenient
source of tumor cells and may be more readily available than primary or metastatic
material as it is routinely drained to alleviate discomfort. Furthermore, these cells
are more likely to be primed for in vitro culture, as they are already surviving as
single cells or small clusters, thus avoiding the need for mechanical or enzymatic
disaggregation. The cell mixture contains not only malignant carcinoma cells but
also lymphocytes, macrophages, red blood cells, mesothelial cells, and fibroblasts.
The use of differential centrifugation and trypsinization techniques allow relatively
pure populations of carcinoma cells to be selected within several passages. These
new cell lines can then be characterized to verify epithelial origin and the degree of
contamination by non-epithelial cells can be assessed by the use of antibodies tar-
geted to lymphocytes and fibroblasts.
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Table 1
Properties of Established Ovarian Carcinoma Cell Lines

Cell Line Histology Source Prior Treatment Ref

41M Adenoca Ascites None 2
59M Endometr adenoca Ascites None 3
138D Serous adenoca Ascites Carb 2
180D Adenoca Ascites P 2
200D Serous adenoca Solid None 2
253D Serous adenoca Ascites Cy/MPA 2
A2780 Carcinoma — None 4
CAOV-3 Adenoca Tumor Cy/Adr/FU 5
CAOV-4 Adenoca Fallopian met — —
CH1 Papillary adenoca Ascites P/Carb 3
COLO 110 Serous adenoca Sol met None 6
COLO 316 Serous adenoca Pleural None 6
COLO 319 Serous adenoca Ascites None 6
COLO 330 Serous adenoca Ascites Mel/Radiother 6
DO-s WD mucinous adenoca Ascites — 7
EFO-21 Dediff serous adenoca Ascites — 8
EFO-27 Mucinous papillary adenoca Omentum — 8
ES-2 PD clear cell ca Primary None 9
HOC-1 WD serous adenoca Ascites None 5
HOC-7 WD serous adenoca Ascites None 5
HTOA WD serous adenoca Primary None 10
IGROV1 Adenoca Primary None 11
OAW 28 Adenoca Ascites P/Mel 3
OAW 42 Serous adenoca Ascites P 3
OV-90 Serous papillary adeno Ascites — 12
OV-1063 Papillary adenoca Ascites Cy/Adr/P/HMM 13
OvBH-1 Clear cell ca Ascites None 14
OVCAR-2 Adenoca Ascites P/Cy 15
OVCAR-3 PD papillary adenoca Ascites P/Cy/Adr 16
OVCAR-4 Adenoca Ascites P/Cy/Adr 17
OVCAR-5 Adenoca Ascites None 18
PE01 PD serous adenoca Ascites P/FU/CHL 19
PE04 PD serous adenoca Ascites P/FU/CHL 19
PE06 PD serous adenoca Ascites P/FU/CHL 20
PE014 WD serous adenoca Ascites None 20
PE016 PD serous adenoca Ascites Radioth 20
PE023 WD serous adenoca Ascites P/CHL 20
PEA1 PD adenoca Pleural None 20
PEA2 PD adenoca Ascites P/Pred 20
SKOV-3 Adenoca Ascites T 21
SMOV-2 Clear cell adenoca Primary — 22
T014 WD serous adenoca Sol met None 20
TOV-112D Endometr adenoca Primary — 12
TOV-21G Clear cell ca Primary — 12

Adenoca, adenocarcinoma; Adr, adriamycin; Carb, carboplatin; CHL, chlorambucil; Cy, cyclophos-
phamide; FU, 5-fluorouracil; HMM, hexamethylmelamine; Mel, melphalan; met, metastasis; MPA,
medroxyprogesterone actetate; P, cisplatin; PD, poorly differentiated; pleural, pleural effusion; Pred,
prednimustine; Radioth, radiotherapy; Sol met, solid metastasis; T, thiotepa; WD, well differentiated.
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Once established, many ovarian cancer cell lines can be grown in fully defined
media allowing detailed analysis of the influences of regulatory molecules, e.g., the
effects of hormones, growth factors, cytokines, or the impact of therapeutic molecules,
for example, cisplatin among the cytotoxic drugs.

2. Materials
1. Culture medium: RPMI 1640 medium (Life Technologies, Paisley, Scotland), 10% fetal

calf serum (FCS; Life Technologies), 100 U/mL penicillin/100 µg/mL streptomycin
(Gibco-BRL, Life Technologies).

2. 2 mM sodium pyruvate (Sigma).
3. 2.5 µg/mL insulin (Sigma).
4. Phosphate buffered saline (PBS), pH 7.4.
5. Histopaque (Sigma).
6. Trypsin (0.05% w/v)/EDTA (0.02% w/v) in PBS.

3. Methods
3.1. Initial Culturing from Ascites

1. Transfer freshly obtained ascitic fluid drained from the peritoneum of an ovarian cancer
patient (at the time of paracentesis or staging laparotomy) to a sterile environment , for
example, class II hood (see Notes 1 and 2). The average volume collected from any indi-
vidual patient is approx 1 L.

2. Centrifuge the fluid for 20 min at 2000g and 4°C to produce a cell pellet.
3. Discard the fluid and resuspend the cell pellet in 20 mL PBS.
4. Red blood cells are removed by Histopaque (Sigma). Place the 10 mL tumor cell suspen-

sion carefully onto Histopaque (10 mL) in a Universal container and centrifuge at 2000g
for 30 min at room temperature.The tumor cells remain at the interface of the Histopaque.
Remove by pastette and transfer to a new Universal container.

5. Resuspend the cell pellet in 10 mL PBS and centrifuge at 1000g for 10 min. Repeat this
wash once.

6. Resuspend the cells in tissue culture medium (see Notes 3–6).

Fig. 1. Phase contrast micrographs of the PE01 and SKOV-3 ovarian cancer cell lines.
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7. Take a cell count. Culture aliquots of 105 cells/mL (10 mL/25 cm2-tissue culture flask) at
37°C, 100% humidity and 5% CO2 in a tissue culture incubator. Attachment of cells to
the plastic substrate occurs and eventually a monolayer will form.

8. At this initial phase of establishment, cells require careful monitoring (by microscope)
since growth is variable. For example, during the establishment of the PE01 and PE04 cell
lines, subculturing took place after 21 and 4 wk respectively (1). Tissue culture medium
should be replaced 2–3 times/wk

3.2. Initial Culturing from Solid Primary Tumor or Metastatic Deposit
1. Obtain primary or secondary tumor material at the time of surgery. Transfer fragments of

the tumor as rapidly as possible into a sterile Universal container containing RPMI 1640
and place on ice to maintain viability.

2. Transfer the Universal container to a sterile environment (for example, a class II hood).
Dissociate tumor fragments either mechanically using crossed scalpel blades (Swann-
Morton, Sheffield, England) or enzymatically (see Note 7). After either mechanical or
enzymatic disassociation, filter cell suspensions through a sterile gauze to remove clumps.

3. The cell suspension is then processed according to Subheading 3.1., steps 6–8.

3.3 Maintenance and Development of Cell Lines
After initial culturing, careful monitoring is needed to determine the level of con-

tamination by fibroblasts. Although fibroblasts will cease proliferating after a number
of generations, they may outgrow the carcinoma cells if the initial percentage of fibro-
blasts is too high.

3.3.1. Removal of Fibroblasts
1. Selective trypsinization can remove most of the fibroblast population. Fibroblasts detach

rapidly from plastic after trypsinization and a short treatment (<2 min) with 0.05% (w/v)
trypsin/0.02% (w/v) EDTA will remove many of the fibroblasts before the carcinoma
cells detach. Fresh media containing serum will then rapidly inactivate remaining trypsin.

2. Fibroblasts attach to plastic more rapidly than the epithelial cells and those cells that
attach within the first 2–3 h are predominantly fibroblasts. If the cell suspension is trans-
ferred to a new flask after this period, many of the fibroblasts will remain in the original
flask, which can then be discarded.

3, Monoclonal antibodies targeted to fibroblast-specific antigens (for example, Thy-1) can
allow selective removal of the fibroblasts when in cell suspension.

4. If sufficient numbers of clusters of carcinoma cells initially adhere to the plastic substrate
then the surrounding fibroblasts can be scraped off with a plastic scraper. Colonies can be
indicated by use of a marker pen on the base of the flask.

3.3.2. Removal of Mesothelial Cells
Mesothelial cells may also be present and these can be removed as follows. Mesothe-

lial cells but not epithelial cells attach to fibrin meshes that are produced on initial cul-
turing. A short exposure to trypsin/EDTA (2 min) produces complete detachment of the
mesothelial cell sheet attached to the fibrin mesh without removing epithelial islands.

3.4. Subculturing and Characterization of Cultures
1. When the cell culture approaches confluence, it should be subcultured. Remove tissue

culture medium and wash cells with 20 mL PBS.
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2. Add Trypsin/EDTA to the flask for 5–15 min to detach cells.
3. Once cells are in suspension, place into fresh serum/medium and transfer to another flask

(see Note 8).
4. After several passages, the fibroblasts, lymphocytes, and mesothelial cells should have

disappeared and only carcinoma cells remain. At this stage it is appropriate to confirm the
epithelial nature of these cells. Place a small aliquot of cells onto a multispot slide and
stain by standard immunocytochemical methods. There are many monoclonal antibodies
that can be used for the purpose of identifying specific cell types and we have found the
following antibodies to be useful: E29 (Dako, Cambridge, England) targeting epithelial
membrane antigen will identify epithelial cells; 2B11 (Dako) targeting leucocyte com-
mon antigen (CD45) will identify lymphocytes; 5B5 (Dako) targeting the β subunit of
prolyl-4-hydroxylase and the disulphide isomerase will identify fibroblasts.

5. More detailed assessments of antigen expression may be valuable. Expression of specific
cytokeratins and other epithelial markers including human milk fat globulin-2 (HMFG2)
and OC 125 (detected by CA125) are often measured.

6. Other useful characterization procedures include DNA profiling and karyotyping.
7. Regular testing for mycoplasma contamination is also advised, e.g., by PCR identifica-

tion or by staining with Hoechst 33528 dye and viewing under a fluorescent microscope,
or by standard microbiological techniques.

4. Notes

1. All ascitic samples should be treated with care and all procedures carried out within class
II containment facilities.

2. Heparin has also been widely used to prevent cell aggregation and can be added directly
to the initial ascites fluid (10,000 U/L ascites).

3. The choice of specific medium has varied widely among different laboratories. RPMI
1640, DMEM, Ham’s F-12 and α-MEM have all been used as the basic medium and the
choice depends mainly on the medium in use within the laboratory establishing the cell
line. The use of Ham’s F12 has also enabled cell lines to develop which otherwise were
destined to die (2).

4. The use of additives has also varied widely among different laboratories. In addition to
the presence of serum and medium, antibiotics are routinely added and most popular are
penicillin and streptomycin, although 50 µg/mL gentamicin and 2.5 µg/mL amphotericin
have also been used. Other standard additives for early cultures include insulin and pyru-
vate. Historically, extra glutamine was often added to the media but formulations in cur-
rent use are more stable.

5. The portion of FCS used has commonly been 10%. Some cell lines have been recorded as
initially growing in 10% but then deteriorating and this effect was prevented by a reduc-
tion to 5% serum (2).

6. The use of autologous human ascitic filtrate may help the establishment and growth of the
cell line. This can be added to the media at a level of 10%.

7. Disaggregation of solid tumors can be accomplished either mechanically or enzymati-
cally. The simple use of crossed scalpels is easy and if adequate numbers of small clusters
of cells are produced then this is sufficient to generate a cell line. Enzymatic digestion
will typically yield a two- to sevenfold greater yield of single viable cells. A number
of “enzyme cocktails” have been described and the following have all been used to estab-
lish ovarian cancer cell lines: 0.8 g/100 mL collagenase II (Sigma; EC 3.4.23.3), 0.002 g/
100 mL DNase I (Sigma; EC 3.1.21.1), and 500 U/mL pronase (Boehringer Mannheim).
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8. Subculture in the early stages should involve a split ratio of 1/2 or 1/3; eventually this can
be increased to 1/5 to 1/10.
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Isolation and Culture of Leukemia Cell Lines

Hans G. Drexler

1. Introduction
1.1. Importance of Leukemia Cell Lines

The availability of continuous human leukemia cell lines as a rich resource of abun-
dant, accessible, and manipulable living cells has contributed significantly to a better
understanding of the pathophysiology of hematopoietic tumors (1). The first malig-
nant 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 advantages and
common characteristics of leukemia cell lines are listed in Table 1. The spectrum of
malignant hematopoietic cell lines is not restricted to various types of leukemia but
also includes the lymphomas and myelomas. The following refers also to lymphoma-
and myeloma-derived cell lines unless indicated otherwise.

Truly malignant cell lines must be discerned from Epstein-Barr virus (EBV)-im-
mortalized normal cells, and so-called B-lymphoblastoid cell lines (B-LCL). Some
types of malignant cell lines are indeed EBV-positive and some EBV-positive normal
cell lines may also carry genetic aberrations (1).

Leukemia cell lines are now universally used and have become irreplacable tools in
a multitude of research areas within the various scientific disciplines, e.g., immunol-
ogy, cytogenetics, molecular biology, pharmacology, toxicology, and virology. Nev-
ertheless, once cells are removed from their native environment and grown in cell
culture, they are uncoupled from critical extracellular cues and may undergo pheno-
typic drift. During this process, transcriptional control mechanisms may change in
ways that are difficult to predict. Therefore, in vitro-derived results must be inter-
preted with caution and confirmed in the context of the cell’s native environment.

1.2. Basic Principles of Leukemia Cell Line Establishment
It is difficult to establish leukemia cell lines; the majority of attempts fail. The

simple seeding of the malignant cells into suspension cultures is the most common
approach. Although the success rate for establishing continuous cell lines is gener-
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ally low, it depends on the subtype of leukemia, and varies according to the different
reports in the literature.

It has been suggested that certain types of leukemia cells derived from patients at
relapse or from cases with poor prognostic features have an enhanced growth potential
in vitro when compared to samples obtained at presentation or from patients with good
prognostic parameters. Indeed, a review of the literature showed that on 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 relapse samples (4). Furthermore, there
seems to be a higher success rate in cases that have certain primary chromosomal aber-
rations or gene mutations, e.g., T-cell lines harboring an (8;14)(q24;q11) translocation
and cell lines carrying alterations of the P53, P15INK4B or P16INK4 genes (3,5).

It has been reported that a hypoxic environment (for example, 5% O2) is more
suitable to the culture and establishment of leukemic T- and BCP-cell lines than stan-
dard incubation in 5–10% CO2 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. Although the success rate of cell
line establishment was reported to be high, some of these cell lines have long doubling
times (10–14 d) limiting their usefulness. Currently, no other group has confirmed the
reproducibility of this method.

The reasons for the frequent failure to establish cell lines remain unclear. The major
causes appear to be culture deterioration with cessation of multiplication of the neo-
plastic cells and overgrowth by normal fibroblasts, macrophages, or lymphoblastoid
cells. Although the lymphoblastoid cells may give rise to a continuous cell line (a non-
malignant EBV-positive B-LCL), human fibroblast and macrophage cultures are com-
monly not immortalized. Despite the fact that the proliferation of malignant
hematopoietic cells in vivo seems to be independent of the normal regulatory mecha-
nisms, these cells usually fail to proliferate autonomously in vitro even for short peri-
ods 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 proteins, e.g.,
recombinant hematopoietic growth factors or conditioned medium (CM) secreted by
certain tumor cell lines (which often contains various factors), is a culturing technique

Table 1
Advantages and Characteristics of Leukemia 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
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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 wk. Out of these short-term
cultures containing surviving cells, continuous cell lines derived from the malignant
cells can be established. For cell line immortalization, malignant cells must acquire a
selective advantage in the cell culture environment. However, the mechanisms involved
in the establishment of a leukemia cell line milieu are largely unknown.

Taken together, the efficiency of cell line establishment is still rather low and the
deliberate establishment of leukemia cell lines remains by and large an unpredictable
process. Difficulties in establishing continuous cell lines may be the result of inappro-
priate selection of nutrients and growth factors for these cells. Therefore, a suitable
microenvironment for hematopoietic cells, either malignant or normal, cannot yet be
created in vitro. Hence, this is the area with the greatest challenge in the culture of
leukemia cells. A systematic investigation to define the optimal cell numbers, culture
conditions, growth factor combinations, other supplements, matrix characteristics, and
a multitude of different parameters has not been reported. Further work is required to
achieve significant improvements in the success rate of leukemia cell line immortal-
ization. A breakthrough will likely benefit leukemia research in a myriad of experi-
mental questions. In the following subsection, some of the most commonly used
techniques for establishing leukemia 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, α-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 specific cell line), which should be kept at room
temperature in the culture laboratory in order to detect any microbiological 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°C 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
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 ELISA.

2.2. Freezing and Storage of Cell Lines
1. Dimethylsulfoxide (DMSO).
2. Freezing ampules (plastic cryo vials).
3. Controlled-rate freezer.
4. Cryofreezing container (Nalgene Cryo 1°C Freezing Container).
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3. Methods

3.1. Establishment of Cell Lines

3.1.1. Acquisition of Cells (see Notes 1 and 2)
1. Collect heparin treated or otherwise anticoagulated specimens of peripheral blood, bone

marrow, or other samples in sterile tubes (see Notes 3 and 4). Place lymph nodes and
other solid tissues in sterile containers.

2. Specimens should be processed as soon as possible after receipt but may be stored over-
night at room temperature. Peripheral blood and bone marrow should remain undiluted;
solid tissues should be placed in culture medium.

3. Cryopreserved samples can also be used for attempts to establish cell lines. 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.).

3.1.2. Isolation of Cells (see Note 5)
1. Cut solid tissue specimens (for example, lymph nodes) with scissors and force the par-

ticles through a fine metal mesh. Suspend the cells in 50–100 mL culture medium (possi-
bly more, depending on the size of the tissue specimen). The most commonly used media
are listed in Note 6.

2. 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.

3. Pipet the Ficoll-Hypaque density gradient solution (density 1.077 g/L) into a 15-mL or
30-mL conical centrifuge tube. Slowly layer the mixture of medium and sample over the
Ficoll-Hypaque solution. Use equal volumes of sample mixture and Ficoll-Hypaque solu-
tion (see Note 7).

4. Centrifuge for 20–30 min at 450g 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. The anucleated erythrocytes
and the polynucleated granulocytes are concentrated as a pellet below the Ficoll-Hypaque
layer.

5. Using a sterile Pasteur pipet, transfer the interface layer containing the mononuclear cells
to a centrifuge tube.

6. Wash the cells by adding culture medium plus 10% FBS (add about 5 times the volume of
the mononuclear cell solution) and centrifuge for 5–10 min at 200g at room temperature
(see Note 8).

7. Discard the supernatant, resuspend the cell pellet in culture medium plus 10% FBS and
repeat the washing procedure.

8. Finally, resuspend the cells in 20 mL culture medium with 20% FBS. Count the cells and
determine their viability (see Notes 9 and10).

3.1.3. Culture Conditions
1. Adjust the cell suspension of the original patient’s cells to a concentration of 2–5 × 106/

mL in culture medium (see Note 6) with 20% FBS plus additional 10% CM of cell line
5637 (see Note 11) or with an appropriate concentration of purified or recombinant growth
factors (see Note 12). For additional additives such as antibiotics and others see Note 13.

2. Place 5–10 mL of cell suspension in the complete culture medium in an 80-cm2 plastic
culture flask (see Note 14). If 24-well plates are used, add 1–2 mL cell suspension to each
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well. Add 100–200 µL of cell suspension into wells of a 96-well flat-bottomed microplates
(see Note 15).

3. Place the cells in a humidified incubator at 37°C and 5% CO2 in air (see Note 16).
4. Expand the cells by exchanging half of the spent culture volume 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 will become adherent (see Note 17).

5. During the first weeks, the neoplastic cells may appear to proliferate 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 d (day) intervals. If the number of the cells
increases rapidly, readjust the cells every week to a concentration of at least 1 × 106/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 wk, but after 2–3 wk most malignant cells cease proliferating. Following
a lag time of 2–4 wk (crisis period), a small percentage of cells from the total population
may still proliferate actively and may continue to grow and form a cell line.

6. If the malignant cells continue to proliferate for more than 2 mo, there is a high possibility
of generating a new cell line. Then, the task of characterizing the proliferating cells should
begin as soon as possible (8). Prior to the characterization of the cells, freeze ampules of the
proliferating cells containing a minimum of 3 × 106 cells/ampule in liquid nitrogen in order
to avoid loss of the cells resulting from occasional contaminations or other accidents.

7. Limiting dilution of the cells in 96-well-plates leads to the generation of monoclonal cell
lines (see Note 18).

3.1.4. Documentation of Cells
It is mandatory to freeze aliquots of the original cells (see Subheading 3.2.) and to

store them in appropriate locations for later documentation, authentication, and com-
parisons. Once the cultured cells start to proliferate, ampules should be frozen at regu-
lar intervals during the initial period of the culture expansion. 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).

3.2. Freezing and Storage of Cell Lines
3.2.1. Freezing of Cells

It is generally assumed that cell lines can be cryopreserved at –196°C in liquid
nitrogen for more than 10 yr, 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 in the appropriate
medium containing 20% FBS and 10% DMSO, which can lower the freezing point in
order to protect the frozen cells from damage caused by ice crystals (see Note 20). It
appears that no single suspending medium and procedure will be perfect for process-
ing and cryogenic storage of all cell cultures. However, the procedures described here
are suitable for most cell lines and are compatible with prolonged preservation of
viability and other characteristics of the cell lines.

1. Harvest the cells of the cell lines by transfering the flask contents to 30 mL or 50 mL
centrifuge tubes. The cells should be harvested in their logarithmic growth phase and
when they are healthiest (see Note 21). Sufficient numbers of primary cells should be
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frozen for later documentation and authentication (see Subheading 3.1.4.); immediately
upon isolation, primary cells can be frozen after thorough washing steps (see Subhead-
ing 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 consisting of 70% culture medium, 20%
FBS, and 10% DMSO. Cool on wet ice (see Note 22).

4. Centrifuge the cell suspensions at 200g for 10 min; discard the supernatant.
5. Adjust the cells to a concentration of 5–10 × 106/mL for cell lines and 10–50 × 106/mL for

primary material using freshly prepared freezing solution (see Note 23).
6. Distribute the cells into freezing ampules (plastic cryovials) with 1 mL/ampule, thus con-

taining at least 5 × 106 cells (see Note 24).
7. Using a computer-controlled rate freezer (cryofreezing system) a cooling rate of 1°C per

min 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 min. Upon reaching –100°C,
the ampules can be transferred quickly to a liquid nitrogen container (see Note 25).

3.2.2. Cryopreservation in Liquid Nitrogen
Permanent storage of ampules 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 wk) cannot be recommended as the cells will die
under these conditions within months or even weeks.

3.3. Thawing, Expansion, and Maintenance of Cell Lines
3.3.1. Thawing of Cell Lines

Commonly, cell lines are stored frozen in liquid nitrogen. Frozen cells must be
thawed carefully in order to minimize cell loss.

1. The thawing solution consists of 80% culture medium and 20% FBS at room temperature
or 37°C.

2. Remove the frozen ampule from liquid nitrogen and thaw the cells rapidly in a 37°C
water bath by gently shaking the ampule in the water (see Note 26).

3. Wipe the ampule with a tissue prewetted with 70% ethanol before opening the vial. As
soon as the cell suspension is thawed, transfer the cell suspension into a centrifuge tube.

4. 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).

5. Centrifuge the cells at 200g for 10 min. Discard the supernatant.
6. Wash the cells again using another 10–20 mL culture medium plus 20% FBS. During

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).

7. Finally, resuspend the washed cells in the desired culture medium with the recommended
FBS concentration at the optimal cell density.

3.3.2. Expansion of Cell Lines
After thawing, cells may be resuspended in complete medium at a general cell con-

centration of 0.2–1.0 × 106 cells/mL (see Note 28). Suspension cell lines may be cul-
tured in flasks or 24-well plates (see Note 29).
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1. Incubate the cells in a humidified 37°C incubator with 5% CO2 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-d intervals (see Note 30). Remove half of the spent medium from the flask (gently)
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 as a result of
the pH change caused by cellular metabolism. In this case, it is necessary to change the
medium more frequently. Should the cells double, 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 deter-
mining 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 observa-
tions, intentional and accidental changes in the cellular conditions, and data on cell den-
sity, viability, and total cell number at different time points is mandatory.

3.3.3. Maintenance of Cell Lines
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 over-
grow the culture during long-term maintenance. For example, growth factor-depen-
dent cell lines that during extended culture (1–2 mo) may become completely growth
factor independent. Hence, establish a master and a working bank of any given cell
line with a sufficient number of frozen samples so that cultures do not need to be
kept for extended periods of time between experiments. A reasonable time frame for
continuous uninterrupted cultivation of one cell line is in the range of 1–2 mo.

After extended usage, culture flasks or plates will often contain a certain amount of
unused ingredients of the medium and metabolized molecules and cell detritus. It is
recommended that the plastic culture vessel be changed once every 1–2 mo.

3.4. Further Considerations
3.4.1. General Considerations

Although in vivo malignant cells enjoy a selective growth advantage over normal
hematopoietic cells, in vitro leukemia cells are difficult to grow and to maintain and
attempts to establish cell lines meet more often with failure than with success.
Although, currently there is no one single cell-culture system that assures consistent
establishment of cell lines, several methods for immortalizing neoplastic cells have
been developed. The technique of seeding cells in suspension cultures as described
in this chapter is certainly the most used. Other methods recommended by several
researchers have their advantages and might meet with success in some attempts.

Growth of leukemia cells in soft agar or methylcellulose offers the advantage that
the colonies formed are well fixed and can be easily removed from the supporting
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medium for further culture in other environments. Thus, a cell line might be estab-
lished 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 prolif-
eration of the neoplastic cells and induce the formation of cell lines.

A number of completely synthetic media, including several media designed specifi-
cally for unique types of leukemia cells, have been used by researchers for establish-
ment and maintenance of cell lines in suspension cultures. It appears that no single
medium is well suited for the growth of all types of leukemia cells. Should one medium
fail to support cell growth, it might become necessary to try another kind of medium.

FBS is the standard supplement in the suspension culture system of cell lines. It is
commonly used in concentrations of 5–20%. Cell lines which do not require FBS in
the culture medium have been described; however, they appear to be rather rare (3).
Prior to usage, it is recommended that batches of serum be pretested for their ability to
support vigorous cell growth and for viral (in particular 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. How-
ever, 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 ex-
perimental manipulations that are not possible with FBS. Because FBS is known to
contain many unidentified ingredients at highly variable concentrations, one cannot
control all the substances to which the cells are exposed.

3.4.2. Culture Environment
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% CO2 in air. However, the partial pressure of oxy-
gen (pO2 ) in the normal body fluids is significantly less than that of air. Studies have
shown that the pO2 in human bone marrow is 2–5%. This is considerably lower than
the pO2 (15–20%) existing in the typical cell culture incubator maintained at 5% CO2
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 1–10%. Growing leukemia
cells under low oxygen conditions of 6% CO2, 5% O2, and 89% N2 may be a useful
method for the establishment of cell lines (6), but is logistically more difficult result-
ing from the necessity for specialized incubators and a rather large consumption of N2.
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3.4.3. Common Cell Culture Problems

In the attempts to establish cell lines, the overgrowth of fibroblasts and normal EBV
-positive lymphoblastoid cells is the most common problem. Should the nutrients in the
medium become exhausted too quickly, the adherent cells should be removed by pas-
saging the suspension cells into new flasks containing fresh medium. The overgrowth
of EBV-positive B-lymphocytes can become visible 2 wk after seeding of the new
culture. The EBV-positive B-cells look small and have irregular contours with some
short villi. They proliferate preferentially in big-floating clusters or colonies (9). The
colonies can be picked out with a Pasteur pipet 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 subsequently 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.

Maintenance of cell lines requires careful attention. Every cell line appears to have
its optimal growth environment; parameters such as culture medium, cell density,
nutrition supplements, and pH all play a major role. If cell growth becomes subopti-
mal 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 tempera-
ture, humidity, and CO2 levels; and selection of the adequate cell density. 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 (10,11). Therefore, analyses at regular intervals must
be undertaken to ensure a contamination-free environment for cell growth. In particu-
lar, mycoplasma contamination should be examined regularly, for example, using the
polymerase chain reaction (see Chapter 31). All solutions and utensils coming into
contact with cells must be sterilized prior to use; sterile techniques and good labora-
tory practices must be followed strictly (12). Although antibiotics can be added to the
culture medium to prevent bacterial infection, they do not inhibit virus, fungus, or
mycoplasma infection. Therefore, antibiotics such as penicillin and streptomycin are
not necessary if care is taken regarding cell culture techniques (see also Note 13).
Because contamination can cause the loss of valuable cell lines, it is important to
cryopreserve a sufficient amount of cell material from each cell line. In order to pre-
vent cellular contamination and misidentification, it is mandatory to use a separate
bottle of medium for each cell line. Furthermore, cell culturists should not handle
more than one cell line at the same time.

3.4.4. Time Considerations
Generation of a cell line may require 2–6 mo. However, a cell culture should not be

considered a continuous cell line until the cells have been passaged and expanded for
at least 6 mo and ideally for 1 yr. Expansion of most cell lines after thawing takes 2–3
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wk. Depending on the parameters analyzed, 2–4 mo might be needed for a thorough
characterization of the established cell line.

3.4.5. Availability of Cell Lines
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 between normal and malignant cell lines, the neoplasticity of the cell line
should be verified, for example, by the analysis of numerical and structural chromo-
somal alterations (see Chapter 5).

The derivation from the assumed patient must be proven by unequivocal authenti-
cation procedures, for example, forensic-type DNA fingerprinting (see Chapter 4).
The scientific significance of a new cell line can be documented by its full character-
ization to uncover its most relevant features.

Finally, it is important that new cell lines are not only published but are also made
available to outside investigators. On one hand, scientific authenticity requires repro-
ducibility. On the other hand, a cell line is certainly much more useful if it is trans-
ferred to colleagues inside and outside the originator’s own research field. The best
option is the deposition of a cell line in a public cell line bank that is able to perform
adequate quality and identity controls, further characterize the cells, store sufficiently
large master and working stocks, and distribute the cells noncommercially to request-
ing 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 (e.g., pleural
effusion, ascites, cerebrospinal fluid) and solid tissue samples (e.g., lymph node, tonsil,
spleen) are less often used but can be processed similarly to peripheral blood or bone
marrow samples. Solid tissues require a prior step to dissociate mechanically. All solu-
tions and utensils must be sterile. Working in a laminar flow cabinet (class 2 biological
safety cabinet) under sterile conditions is recommended (for specifics on the biological
safety, see Note 2).

2. During work with human blood or other tissues, including primary leukemia cells, estab-
lished cell lines, and pathogenic and infectious agents, biosafety practices must be fol-
lowed. Some cell lines may be virally infected. For example, EBV and human
herpesvirus-8 (HHV-8) are assigned to biological safety risk category 2; human T-cell

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
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leukemia virus (HTLV)-I/-II and human immunodeficiency virus (HIV) fall into risk cat-
egory 3. Fresh primary material may contain hepatitis viruses B or C (both in risk cat-
egory 3). A standard code of practice including safety and legal considerations has been
published within the “UKCCCR (United Kingdom Co-Ordinating Committee on Cancer
Research) Guidelines for the Use of Cell Lines in Cancer Research” (12).

3. A literature review of 439 new cell lines produced the following statistical findings with
regard to the specimen site from which primary cells had been obtained: peripheral blood,
48%; bone marrow, 24%; pleural effusion, 14%; ascites, 5%; bulk tumor, 3%; lymph
node, 3%; cerebrospinal fluid, 1%; pericardial effusion, 1%; spleen, 1%; others (liver,
meninges, tonsils), <1%. Only data on well-characterized cell lines were counted, with-
out sister cell lines or subclones (applies also for Notes 4 and 6).

4. According to a literature review on 413 new cell lines, it seems that cells obtained from
patients at later stages of the malignancy are more likely to be immortalized than at ear-
lier stages. Treatment status of patient when the sample was taken: 55% at relapse/refrac-
tory/terminal; 34% at diagnosis/presentation; 9% at blast crisis; 2% during therapy.

5. It appears to be advantageous to prepare single-cell suspensions 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, granulocytes, and thrombocytes that
are end-stage cells without the potential to proliferate will die within days and the result-
ing metabolic byproducts may be toxic, hampering any potential proliferation of the blast
cells.

6. A literature review of 454 cell lines showed that the following media were most com-
monly used for the establishment of cell lines: 74% RPMI 1640; 12% Iscove’s Modified
Dulbecco’s Medium; 7% McCoy’s 5A; 5% α-MEM, and 3% others (Cosmedium,
Dulbecco’s MEM, Eagle’s MEM, Fischer’s, Ham’s F10, Ham’s F12, L-15).

7. Do not disturb the Ficoll-Hypaque/sample interface. It is helpful to hold the centrifuge
tube at a 45° angle.

8. The washing steps are performed to remove the acidic heparin or other anticoagulants
that may harm the cells, to remove the patient’s serum, which may inhibit the cell growth,
and to remove the Ficoll-Hypaque, which is hypertonic for the cells. Two washes will
generally suffice. FBS, inactivated prior to use in a 56°C waterbath for 30–45 min is
included in order to prevent cells from adhering to one another.

9. In general, more than 90% of the mononuclear cells can be recovered by this procedure.
Cell yields depend on the number of malignant cells in the specimen and are highly vari-
able from patient to patient. On average, each milliliter of leukemia bone marrow yields
15–30 × 106 mononuclear cells and each milliliter of peripheral blood yields 1–2 × 106

mononuclear cells, the latter depending on the white blood cell count. Several hundred
millions of mononuclear cells can usually be recovered from lymph nodes.

10. 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 µL of the cell suspension to 90 µL of the ready-
for-use trypan blue solution in a test tube and mix well. Cells should be analyzed imme-
diately as viable cells may also begin to take up the dye 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 (nonvi-
able) and unstained (viable) cells in the 1-mm middle square and the four 1-mm corner
squares. Cells touching 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
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nonviable cells per square (1 mm × 1 mm = 1 mm2). The square is 0.1 mm deep, hence
the volume is 0.1 mm3 (0.1 µL). The number of cells per milliliter (cell density) and the
total number of cells in the cell suspension and their percentage of viability can be
calculated as follows:

a. Cell density: average number of cells per 1-mm square × dilution factor × 10,000 =
cells per mL.

b. Total number of cells: cell count per mL × volume of cell suspension.
c. Percent cell viability: total number of viable cells × 100 divided by total number of

viable plus nonviable cells. Ideally, there should be about 100 cells per square. Other-
wise a lower dilution of the cell suspension (e.g., 1/2 or 1/5) or a higher dilution (for
example, 1/20) should be used.

11. 5637 Conditioned medium (CM): the adherent bladder carcinoma cell line 5637 is known
to produce and secrete large quantities of various growth factors, including G-CSF, GM-
CSF, SCF and others (but not IL-3) (7). CM should be made in large volumes in order to
guarantee continuity over a period of time; for example, 6 mo to 1 yr. At initiation of
culture, seed out at approx 2 × 106 5637 cells/80 cm2 in 10 mL of complete medium.
Incubate at 37°C in 5% CO2 in a humidified atmosphere, with the flask tops slightly
loosened, until the cell monolayer becomes almost confluent. Replace the medium and
grow for 4 d. Collect this medium and store it at 4°C. Add fresh complete medium to the
5637 culture. Repeat this process at 3–5-d intervals, pooling the culture supernatants.
After 1–2 wk, 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 approx 8–10 × 106 cells/80 cm2 (13). Spin down the pooled condi-
tioned medium at 200g for 5–10 min before filtering through sterile filters of 0.2 µm to
exclude any contaminating nonadherent cells. Place aliquots 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, for example, cell line M-07e (13), 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).

12. 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.

13. Most cell culturists add antibiotics (commonly penicillin-streptomycin) to their cell cul-
tures, as ready-for-use commercially available 100X solutions. Although this does not
appear to be harmful, it is not necessary if proper cell culture techniques (“good culturing
practices”) are used. L-glutamine (at 2 nM) and 2-mercaptoethanol (at 5 × 10–5 M) may
also be added, but their effects are questionable. We strongly discourage the routine addi-
tion of antimycoplasmal reagents as this practice would lead to the development of resis-
tant mycoplasma strains (14).

14. Most cell lines have been established using the “direct method” of placing cells into liq-
uid culture in a humidified incubator at 37°C and 5% CO2 in air. Alternative approaches
are inoculation in semisolid media (methylcellulose, soft agar), initial heterotransplanta-
tion, and serial passage in immunodeficient mice with subsequent adaptation to in vitro
culture, or culture on a temporary feeder layer (for example, on fibroblasts).

15. There are various types and sizes of plastic culture vessels: flasks (e.g., 25 cm2, 80 cm2,
175 cm2) or plates with 12-, 24-, or 96-wells. The number of flasks or wells used depends
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on the number of the primary leukemia cells available. As many of the malignant 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.

16. Alternatively (but seldom an option as this requires a special type of incubator and large
quantities of N2), incubate the cells in a humidified 37°C incubator with 6% CO2, 5% O2,
and 89% N2.

17. These adherent cells appear to be the source of colony-stimulating factors for both nor-
mal and malignant cells. During the first 2 wk, 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 recombinant growth factor to the medium in order to obtain a
unique cell line. After 2 wk, if the suspension cells grow rapidly, the adherent cells can be
removed simply by transferring the suspension cells into new culture vessels to reduce
the potential for overgrowth of fibroblasts and normal lymphoblastoid cells.

18. After prolonged culture in vitro, the cell line will become oligoclonal or monoclonal
resulting from the outgrowth of selected cell clones. In most cases, it is not 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 difficult or virtually impossible to “clone” the cells.

19. Harvest the cells, count, and adjust the concentration to 0.5–1.0 × 106 cells/mL. Spin
50 µL, 70 µL, and 90 µL of cell suspension onto glass microscope slides in a cytocentri-
fuge (Shandon Scientific, Astmoor, England) at 500 rpm for 5 min and air dry at room
temperature overnight (slides should not be left unstained for longer than 1 wk).

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-Grünwald and Giemsa solutions as follows:

a. Fix for 5 min in 100% methanol.
b. Transfer for 5 min to May-Grünwald stain that has been diluted 1/2 with Weise buffer,

and then rinse with Weise buffer.
c. Transfer for 20 min to Giemsa stain which has been diluted 1/10 with Weise buffer
d. Finally rinse thoroughly with Weise buffer. Let the staining dry overnight. Mount the

stained cells with a cover slip using Entellan® (Merck) and examine the preparation
under the microscope.

20. Glycerol has been substituted for DMSO but it is a bit cumbersome as a result of its high
viscosity.

21. Freezing and storing the cells will not improve the status and quality of the cell culture
prior to the freezing and may adversely affect the culture .

22. It is not necessary to sterilize the DMSO solution because pure DMSO is lethal to bacteria.
23. 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 may minimize the effect of DMSO on the cells.

24. Seal the ampules that have been properly labeled with the name of the cell line and the
date of freezing; keep a written record. More cells per ampule can be frozen if needed,
depending on the cell type.

25. Alternatively if only a few ampules are frozen, the sealed ampules can be placed in a
plastic box with an inset for ampules (Cryo 1°C Freezing Container; Nalgene); 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.
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26. 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°C and 0°C, where most cell damage is believed to occur. Slow thawing will harm the
cells by formation of ice crystals in the cells causing hypertonicity and breakage of cellu-
lar organelles.

27. Cells frozen with DMSO are usually dehydrated. During the washing steps with
medium, water will diffuse into the cells. Diluting the suspension slowly should reduce
the loss of electrolytes, counteract extreme pH changes, and prevent denaturation of
cellular proteins.

28. It appears that most cell lines grow better at higher cell concentrations than at lower
concentrations. Some cell lines (for example, some BCP-cell lines) prefer a concentration
higher than 1.0 × 106/mL. Usually, the optimal concentration of a cell line for expansion
must be explored empirically. If after 2–3 d of culture, the cells do not grow well (perhaps
because of the presence of many dead cells), it might be useful to concentrate the cells
and to culture them at a higher cell density. First, resuspend the cells in medium contain-
ing 20% FBS. If the cells start to multiply and resume their expected growth activity, the
percentage of FBS can be decreased stepwise.

29. General recommendations are 5–10 mL suspension into a 80-cm2 flask or 1–2-mL sus-
pension into each well of a 24-well plate. For “difficult” cell lines, it may be advanta-
geous to suspend some cells in a flask and another aliquot in a 24-well plate (or even a
96-well microplate). There are distinct differences between flask and plate designations
regarding exposure to CO2, accessibility to microscopic observation, and possibilities of
manipulation.

30. Before changing the medium, set the flasks upright in the incubator for at least 30 min in
order to let the cells sink to the bottom of the flask. One of the advantages of plates is the
fact that cells are always concentrated at the bottom of the wells.

31. 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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Cell Sensitivity Assays: Clonogenic Assay

Jane A. Plumb

1. Introduction
The use of cell culture systems to assess the toxicity of anticancer agents began

over 50 years ago following the observation of the antineoplastic effects of nitrogen
mustard (1). There are a wide variety of assays designed to evaluate cellular drug
sensitivity and they have been previously described in the literature. These assays
essentially fall into two groups: those that measure cell survival and those that mea-
sure cytotoxicity. Cytotoxicity assays include methods such as trypan blue dye exclu-
sion, 51Cr release, and 3H-thymidine incorporation (2–4). These assays assess
the structural integrity and metabolic function of the cells after drug exposure. In
contrast, cell-survival assays measure the end result of these effects on the cell, which
can be either cell death or recovery. A cell-survival assay requires a measure of the
ability of cells to proliferate and this is usually an estimate of the ability of individual
cells to form colonies. However, cytotoxicity assays can also measure the ability of
cells to proliferate if the cells are allowed a period of growth following drug expo-
sure. In a clonogenic assay, this recovery time is comparable to the time for formation
of colonies.

Clonogenic assays are regarded as the “gold standard” cellular-sensitivity assay.
This idea originates from the early 1960s when radiobiologists were comparing the
radiosensitivities of tumor cell lines in vitro. This involved estimation of multiple logs
of cell kill and it was thought that only a clonogenic assay would have sufficient sen-
sitivity to be able to assess cell kill at low percentage survivals (<1%). However, the
results obtained with a cell growth assay were similar to those obtained with a
clonogenic assay (5). Nevertheless, the clonogenic assay has retained its superior sta-
tus (6). Many factors influence cellular drug sensitivity and no single assay can take
account of all these variables.

The human tumor stem-cell assay has been widely used in attempts to predict the
response of tumors to chemotherapeutic agents (7). In order to distinguish between
normal and tumor cells present within a biopsy, the assay measures the ability of cells
to undergo substrate independent proliferation in agar. Overall, the ability of the assay
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to predict treatment response is good but only about 30% of biopsies processed result
in sufficient colony numbers to allow evaluation (8). This is a major difficulty with the
assay and many human tumor cell lines show a poor cloning efficiency in agar (<1%),
whereas the cloning efficiency on tissue culture treated plastic can be >50%. The
clonogenic assay described is based on monolayer cloning. which is widely applicable
to continuous cell lines.

In the standard clonogenic assay, cells in the exponential phase of growth are ex-
posed to a cytotoxic drug. The drug exposure time depends on a number of factors. If
the drug is cell cycle specific (i.e., specific for cycling as opposed to noncycling cells)
a short exposure may be sufficient and this can be related to the estimated duration of
exposure in the clinic. In contrast, if the drug is phase specific it may be necessary to
extend the exposure period to take account of the cell doubling time. Cells are nor-
mally exposed to drug in the exponential phase of growth since the majority of cyto-
toxic drugs are active against cycling cells. However, the assay can be used equally
well with confluent noncycling cells provided that they will reenter the cell cycle on
subculture. Following drug exposure, the cells are disaggregated to form a single-cell
suspension and are plated out at low density to allow colony formation. The colonies
are fixed, stained, and counted. Each colony is assumed to be derived from a single
cell and thus the colony count is an estimate of the number of cells that survived the
drug treatment.

The number of cells within each colony depends on the number of cell doublings
and can be used as an estimate of the effects, if any, of the drug on the cell doubling
time. A clonogenic assay can thus discriminate between cytotoxic (cell kill) and cyto-
static (decreased growth rate) effects. Since a cytostatic effect may be lost upon
removal of the drug, a cytotoxicity assay based on colony formation is also described
since this allows continuous drug exposure.

2. Materials
1. 6 cm Petri dishes (tissue culture grade).
2. 25 cm2 Tissue culture flasks.
3. 30 mL Universal containers.
4. Plastic box.
5. Wash bottles.
5. Growth medium.
6. Phosphate buffered saline (PBS, Dulbecco’s A).
7. 0.25% Trypsin + 1 mM EDTA (in PBS).
8. Methanol.
9. 1% Crystal violet (Merck).

3. Methods
3.1. A Standard Clonogenic Assay

1. Trypsinize a subconfluent monolayer culture and collect cells in growth medium contain-
ing serum. Centrifuge the suspension (200g, 5 min) to pellet cells and resuspend in fresh
growth medium. Use a hemocytometer to count the cells and ensure that a single cell
suspension is obtained (see Note 1). Dilute cells to a density of 8 × 104 cells/ mL (see
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Note 2) in a total volume of 10 mL. Add 4 mL of culture medium to each of 9 tissue
culture flasks (25 cm2) and transfer 1 mL of the cell suspension to each flask (see Note 3).
Equilibrate with CO2 and incubate cells at 37°C for 2–3 d to ensure that cells are in the
exponential phase of growth for drug addition.

2. Prepare a serial 5-fold dilution of the cytotoxic drug in growth medium to give 8 concen-
trations (see Note 4). Pipet 6 mL of growth medium into each of 7 Universal containers
(30 mL). Prepare 10 mL of the highest concentration of the drug and transfer 1.5 mL of
this solution to the first Universal container. Mix and then transfer 1.5 mL to the next
Universal. Continue until the seventh Universal is reached. The concentrations should be
chosen so that the highest concentration kills most of the cells and the lowest kills none of
the cells (see Note 5).

3. Label the 9 flasks with a label for each of the 8 drug concentrations and a control.
Remove the medium from the flasks of cells. Add 5 mL of growth medium to the con-
trol flask and 5 mL of the appropriate drug solution to the other eight. Equilibrate the
flasks with CO2 and incubate at 37°C for 24 h (see Note 6).

4. Remove the medium from the 9 flasks, add 1 mL of trypsin solution and incubate at
37°C. While waiting for the cells to detach, label the Petri dishes on the side of the base
(see Note 7). Use 3 dishes for the control and for each drug concentration. When the
cells have detached, add 4 mL of growth medium to each flask. Disperse the cells by
repeat pipeting to give a single-cell suspension and transfer the flask contents to a 30 mL
Universal container. Count the cells from the control flask only and dilute to give a
density of 103 cells/ mL and a total volume of 4 mL (see Note 8). Follow the same
dilution steps for the cell suspensions from each of the drug treated flasks (see Note 9).
Transfer 1 mL of the control cell suspension to each of the 3 labeled Petri dishes. Repeat
for each of the drug treatments. Finally, add 4 mL of growth medium to each Petri dish
(see Note 10). Place the Petri dishes in a plastic box and incubate for 10 d in a humidi-
fied atmosphere at 37°C (see Note 11).

4. Fill a wash bottle with PBS and a second with methanol. Remove and discard the lids
from the Petri dishes. Pour the medium from the Petri dish into a container for disposal
and carefully add about 5 mL of PBS to wash off the remaining medium. Pour off the PBS
and add about 5 mL of methanol and leave for 5 min. Repeat for all dishes. After 5 min
pour off the methanol and add another 5 mL of methanol to each dish and leave for 5 min.
Pour off the methanol and allow dishes to dry.

5. Add 5 mL of crystal violet to each Petri dish and leave for 5 min. Pour off the stain and
rinse the dish under running tap water to remove excess dye. Invert dishes and leave to dry.

6. Count the colonies in each Petri dish (see Note 12). If the drug has a cytostatic effect this
will be seen as a reduction in the size of the colonies and should be apparent to the naked
eye. In this case, count the total number of colonies per dish and the number of cells per
colony (see Note 13).

7. Calculate the mean colony count for each of the treatments. Divide the number of colo-
nies in the drug treated dishes by the number of colonies in the control dishes and express
as a percentage. Plot a graph of percent survival (y-axis) against drug concentration
(x-axis). Results are usually expressed as the IC50 value which is the drug concentration
required to kill 50% of the cells or, as in this assay, to reduce the number of colonies to
50% of that in the control untreated dishes (Fig. 1). Values for the IC10 and IC90 can be
determined in the same manner. The shape of the survival curve depends on a number of
factors. For a cycle specific drug and a homogeneous cell population the curve can be
very steep such that only a small increment of drug is required to go from 0–100% cell
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kill. Occasionally, a tail is seen on the curve such that cell kill does not reach 100% even
at high drug concentrations. This can result from the presence of a resistant subpopula-
tion. It can also occur when a phase specific drug, such as camptothecin, is used and the
duration of drug exposure is less than the cell doubling time. In this case the tail should
not be apparent if the drug exposure time is increased.

3.2. A Cytotoxicity Assay Based on Colony Formation
1. Trypsinize a subconfluent monolayer culture and collect cells in growth medium contain-

ing serum. Centrifuge the suspension (200g, 5min) to pellet cells, resuspend in growth
medium and count cells. Dilute cells to a density of 103 cells/ mL (see Note 7). Label
Petri dishes (6 cm) allowing three per treatment and add 1 mL of cell suspension to each
dish. Add 3 mL of medium to the dishes and place in a plastic box. Incubate in a humidi-
fied atmosphere at 37°C for 4 h to allow cells to adhere (see Note 14).

2. Prepare a range of concentrations of the cytotoxic drug in growth medium (see Notes 3
and 4). The drug is diluted fivefold when added to the Petri dishes so these solutions
should be prepared at five times the required final concentration.

3. Add 1 mL of the drug solution to the 4 mL of medium in each of the three Petri dishes.
Incubate for 10 d in an humidified atmosphere at 37°C (see Notes 11 and 15).

4. Fix and stain the colonies and evaluate as for the standard clonogenic assay.

Fig. 1. A typical dose–response curve obtained by clonogenic assay. The human colon
tumor cell line HT29 in exponential growth was exposed to mitomycin C for 3 h and then
plated out at a density of 500 cells per 6 cm Petri dish. The mean colony count in the control
dishes was 281, which is a cloning efficiency of 56%. Three flasks of cells were used at each
dose level and each point is the mean ± standard error of the mean of the three estimates.
Estimation of the IC50 value (the drug concentration required to kill 50% of the cells) is
shown by the lines.
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4. Notes
1. It is essential that a single-cell suspension is plated out, and it may be necessary to adjust

the trypsin concentration or duration of exposure to achieve this.
2. A density of 8 × 104 cells per 25 cm2 culture flask is a suggested density for cells with a

doubling time of about 24 h and a plating efficiency of around 60%. Clearly the density
may need to be increased or decreased depending on the cell line used. The aim is to obtain
a subconfluent culture of cells in the exponential phase of growth for drug treatment.

3. An experimental design based on one control and eight drug treatments is a suggested start-
ing point and it should be noted that this does not include replicates. The number of flasks
that can be set up in one experiment is limited by the time required to carry out step 4.

4. The drug solution should be prepared just before use and should be sterile. Many cyto-
toxic drugs are insoluble in water. Any diluents used to solubilize the drug should be
included as a separate control, usually at the highest concentration to be used. DMSO can
be used and since this is self sterile it avoids the possible loss of drug as a result of
binding to the filter. Most cells will tolerate up to 1% DMSO in culture medium.

5. If the cytotoxicity of the drug is not known, a serial dilution with a starting concentration
of 10–5 M can be used. Once the cytotoxicity is known the drug concentration range can
be reduced to cover the area of interest.

6. The drug exposure period can be varied. As a rule, cytotoxicity increases with increasing
drug exposure. The most marked effects are seen during the first 24 h and sensitivity
usually shows a plateau by 72 h. Factors to take into account are the mechanism of action
of the drug. If it is S-phase specific, the exposure period should allow for all cells to have
passed through S-phase. The stability of the drug in culture medium should also be taken
into account. For drug exposure periods of greater than 24 h it is recommended that the
drug is replaced at 24-h intervals.

7. Do not label the lids because these are removed when the colonies are fixed. Make sure
that the marker pen used is resistant to methanol.

8. Accuracy of the dilution is important and it is recommended that individual dilution
steps are no greater than 1 in 10 and that the volume of cell suspension used is greater
than 200 µL. A density of 103 cells/ mL is a suggested density assuming a plating effi-
ciency for the cell line of about 50%. This would yield 500 colonies in the control dishes.
The aim is to retain separated colonies in the control dishes at the end of the experiment
but to still have a sufficient number of colonies in the drug treated dishes to allow accu-
rate estimation of survival at the higher drug concentrations. It is possible to compensate
for the low survival at higher drug concentrations by increasing the number of cells plated
out for these concentrations. To do this, either increase the volume of cell suspension
used or reduce the dilution factor.

9. It is not necessary to count the cells in the drug-treated flasks since all flasks contained
the same number of cells at the start of the experiment. Any difference in cell counts
between the flasks at this stage is a result of the effects of the drug and is thus part of the
experiment. Remember to resuspend the cells well before diluting.

10. Care must be taken to ensure an even distribution of cells in the Petri dish. This is achieved
if the cells are added first and then the bulk of the medium added. Do not swirl the dishes
to mix the cells because this results in the cells accumulating in the center of the dish and
forming one large colony.

11. The incubation time will vary depending on the doubling time of the cell line used but is
usually between 8–12 d. This allows for about 10 doubling times. It is advisable to check
the dishes after about 8 d and colonies should be clearly visible to the naked eye.
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12. Following drug treatment some cells will plate and undergo a few cell divisions before
the damage is expressed. This leads to the formation of small colonies that fail to develop
further. These cells are not viable and the colonies should not be counted. Limit the
counts to those colonies that have undergone more that 5 cell doublings, i.e., those con-
taining more than 50 cells. Colonies can be counted by sight and this is easiest if colonies
are marked as they are counted. A colony-counting pen is available from Camlab (Cam-
bridge, UK) that marks and counts colonies. Alternatively, an imaging system such as
the Protos from Synoptics (Don Whitley Scientific, Shipley, UK) can be calibrated to
count colonies.

13. A cytostatic effect will result in a reduction in the number of cell doublings in a given
time and thus a reduction in the number of cells within a colony. There are several ways
of quantifying a cytostatic effect. The most direct method is to count the number of cells
in 50 representative colonies per dish. Alternatively, it can be estimated by measuring the
diameter of the colony and thus calculating the area of the colony. This method assumes
that there is no change in cell size.

14. For most continuous cell lines, 4 h is sufficient for adherence to plastic. The time can be
increased but it should not exceed the doubling time for the cell line since the assay relies
on colonies originating from single cells. In some protocols, the cells and drug are added
together. The disadvantage of this approach is that the drug may have an effect on the
plating of the cells independent from effects on cell survival.

15. This assay protocol is best suited to continuous drug exposure but it is possible to limit the
drug exposure time by replacing the medium. However, as explained in Note 14 the total
time for plating and drug exposure should not exceed the doubling time for the cell line.
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Cell Sensitivity Assays: The MTT Assay

Jane A. Plumb

1. Introduction
The clonogenic assay described in the Chapter 13 is not suitable for all cell lines.

Many adherent cell lines do not form colonies, and clearly it is not applicable to
nonadherent cell lines. Furthermore, it is slow and time consuming. This chapter
describes an alternative cytotoxicity assay that has a number of advantages when
compared with a clonogenic assay. It is quick and easy and allows a large number of
assays to be carried out in one batch. This is an important consideration when mak-
ing comparisons between cell lines, between cytotoxic agents, or when evaluating
combinations of drugs. No one cytotoxicity assay is ideal, and it is always advisable
to support results with those obtained from alternative assays where possible.

Cytotoxicity assays are widely used especially in the field of new drug develop-
ment. Clonogenic assays are not amenable to automation and centers such as the Ameri-
can National Cancer Institute (NCI) as well as the pharmaceutical industry have
developed rapid-throughput microtitration assays to screen new cytotoxic agents. These
assays measure the effect of a drug on the growth of a population of cells and
the endpoint is an estimate of cell number. Use of a tetrazolium dye (MTT) as an indi-
rect measure of cell number was first reported in the early 1980s (1). The NCI evalu-
ated MTT dye reduction as a possible endpoint in a rapid screening assay (2), and this
stimulated interest in the wider scientific community. At that time a major limitation of
microtiter assays was that the endpoint tended to involve the use of a radioisotope.

The basis of the assay is as follows. Cells in the exponential phase of growth are
exposed to a cytotoxic drug. The duration of exposure is usually determined as the
time required for maximal damage to occur but is also influenced by the stability of
the drug. After removal of drug, the cells are allowed to proliferate for two to three
doubling times in order to distinguish between cells that remain viable and are capa-
ble of proliferation and those that remain viable but cannot proliferate. Surviving
cell numbers are then determined indirectly by MTT dye reduction. MTT is a yellow
water-soluble tetrazolium dye that is reduced by live cells (3) to a purple formazan
product that is insoluble in aqueous solutions. The amount of MTT-formazan pro-
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duced can be determined spectrophotometrically once solubilized in a suitable sol-
vent. A drawback of the assay is that it does not distinguish between a cytotoxic
(cell kill) and a cytostatic (reduced growth rate) effect.

There is no such thing as “The MTT Assay.” Many laboratories use cytotoxicity
assays that are based on MTT dye reduction but the assay protocols differ markedly.
Many factors affect the reduction of MTT. The cells require an adequate energy sup-
ply from the culture medium, and reduction is inhibited by some cytotoxic drugs. For
these reasons the NCI chose not to use MTT reduction in their screening assay (4). The
assay described here has been optimized for a number of cytotoxic drugs to give the
same results as are obtained with a standard clonogenic assay (5). It is not suitable for
the estimation of survival following X-irradiation since the assay will not exclude
cells that show late radiation damage.  These cells can undergo two or three divisions
before damage is expressed. They would not be regarded as surviving cells in a
clonogenic assay because the colonies would contain less than 50 cells. An important
feature of the assay is the inclusion of a growth period after removal of the drug. This
allows cells to recover from the effects of the drug, or to die, and also avoids possible
interference of drug in the reduction of MTT.

2. Materials
1. Microtiter plates (Iwaki from Becton Dickinson).
2. Multichannel pipet (Costar).
3. Tip box, autoclavable (ICN Flow).
4. Pipet tips (ICN-Flow).
5. 18-G, 24-G Hypodermic needles.
6. 5-cm and 10-cm Petri dishes (Sterilin).
7. 30-mL and 100-mL Universal containers (Sterilin).
8. Plastic box.
9. Growth medium.

10. Phosphate buffered saline (PBS, Dulbecco’s A).
11. 0.25% Trypsin +1 mM EDTA in PBS.
12. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma) prepared at

a concentration of 5 mg/mL in PBS. This is filter sterilized, which also removes any
reduced MTT, and can be stored at 4°C in the dark for 1 mo.

13 Sorensen’s glycine buffer: 0.1 M glycine, 0.1 M NaCl adjusted to, pH 10.5, with 1 M
NaOH.

14. Dimethylsulfoxide (DMSO).
15. ELIZA plate reader (Molecular Devices, Wokingham, UK).
16. Plate carriers for centrifuge (for nonadherent cell lines).

3. Methods
3.1. Adherent Cell Lines

1. Trypsinize a subconfluent monolayer culture and collect cells in growth medium contain-
ing serum. Centrifuge the suspension (200g, 5 min) to pellet cells, resuspend in growth
medium,  and count cells. Dilute cells to a density of 5 × 103 cells/mL (see Note 1) allow-
ing 60 mL of cell suspension for 3 microtiter plates. Transfer cell suspension to a 10-cm
Petri dish and with a multichannel pipet add 200 µL to each well of the central 10 columns
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of a flat-bottomed 96-well plate (80 wells per plate) starting with column 2 and ending
with column 11 (see Note 2). Add 200 µL of growth medium to the 8 wells in columns 1
and 12. Put plates in a plastic box and incubate in a humidified atmosphere at 37°C for 2–
3 d to ensure that cells are in the exponential phase of growth for drug addition.

2. Prepare a serial fivefold dilution of the cytotoxic drug in growth medium to give 8 con-
centrations (see Note 3). Pipet 6 mL of growth medium in to each of 7 Universal contain-
ers (30 mL). Prepare 10 mL of the highest concentration of the drug and transfer 1.5 mL
of this solution to the first Universal container. Mix and then transfer 1.5 mL to the next
Universal. Continue until the seventh Universal is reached. The concentrations should be
chosen so that the highest concentration kills most of the cells and the lowest kills none of
the cells (see Note 4). Normally, three plates are used for each drug to give triplicate
determinations within one experiment.

3. Remove the medium from all the wells in columns 2 to 11. This can be achieved with a
hypodermic needle attached to a suction line. Cells in the 8 wells in columns 2 and 11 are
fed with 200 µL of fresh growth medium. Transfer the drug solutions to 10-cm Petri
dishes and add 200 µL to all 8 wells of a column. For ease of analysis, arrange the drug
solutions in order so that the highest is in column 3 down to the lowest in column 10.
Plates are returned to the plastic box and incubated for 24 h (see Note 5).

4. At the end of the drug exposure period, remove the medium from all wells containing
cells and feed the cells with 200 µL of fresh medium.

5. Feed plates daily for two more days.
6. Feed plates with 200 µL of fresh medium and add 50 µL of the MTT solution (5 mg/mL

in PBS) to all wells in columns 1 to 11. Wrap the plates in aluminium foil and incubate for
4 h in a humidified atmosphere at 37°C (see Note 6).

7. Remove the medium and MTT from the wells and dissolve the purple MTT-formazan
crystals by adding 200 µL of DMSO to all wells in columns 1 to 11 (see Note 7). Add 25
µL glycine buffer (per well) to all wells containing DMSO (see Note 8).

8. Record absorbance at 570 nm with the wells in column 1 that contain medium, MTT, but
no cells used as a blank.

9. A graph is plotted of absorbance (y-axis) against drug concentration (x-axis). The mean
absorbance reading from the wells in columns 2 and 11 is used as the control absorbance
and the IC50 concentration is determined as the drug concentration required to reduce the
absorbance to half that of the control. IC10 or IC90 values can be determined in the same
manner (see Note 9).

3.2. Nonadherent Cells
1. Prepare a cell suspension in fresh growth medium from a flask of cells that are in the

exponential growth phase and count the cells. Dilute cells to a density of 104 cells/mL
(see Note 1) allowing 30 mL of cell suspension for 3 plates. Transfer the cell suspension
to a 10-cm Petri dish and with a multichannel pipet add 100 µL to the central 10 columns
of a round-bottomed microtiter plate. Add 200 µL of growth medium to the wells in
columns 1 and 12. Put plates in a plastic box and incubate in a humidified atmosphere at
37°C while the drug solutions are prepared.

2. Prepare the eight drug dilutions essentially the same as for adherent cells except prepare
the solutions at twice the desired final concentration.

3. Add 100 µL growth medium  to the wells in columns 2 and 11. Add the drug solutions as
for the adherent cells but only 100 µL is added to the 100 µL of cells already in the wells.
Place the plates in the plastic box and incubate for 24 h.
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4. Centrifuge (200g, 5 min) the plates to pellet cells before removal of the medium. A fine-
gage needle (24G) is recommended to prevent removal of the cell pellet. Feed the cells
with 200 µL of growth medium.

5. Plates are processed as for the adherent cells except that they are centrifuged each time
the medium is removed.

4. Notes

1. A cell density of 103 cells per well is suggested as a starting point and is usually suitable
for cell lines with a doubling time of around 24 h. The aim is for the cells to remain in
exponential growth throughout the assay. If cells in the control wells (i.e., those not
exposed to drug) become confluent they will stop dividing, while the drug-treated cells
will continue to grow. As a result, drug sensitivity will be underestimated since the con-
trol absorbance will be lower than it should be. The initial cell density can range between
5 × 102 to 104 cells per well depending on the cell line. An easy way to determine the
optimum density is to plate out cells at a range of densities in a microtiter plate and feed
them daily for the duration of the assay. Incubate the plates with MTT and select the
density that gives an absorbance value of approx 1. Remember to prepare a cell suspen-
sion at 5 times the density required per well since only 200 µL is added to the well (10
times for nonadherent cells).

2. Microtiter plates vary in their overall plating efficiency and in the variability of plating
between wells. The assay requires that all wells are replicates, and the choice of plates is
therefore a compromise between the optimum overall plating efficiency and the reproduc-
ibility between wells. A detailed statistical evaluation of microtiter plates showed the Iwaki
range (obtained from Beckton Dickinson) to be suitable. Furthermore, these plates do not
demonstrate the so called “edge effect,” in which plating is noticeably reduced in the outer
wells. Cells are not plated in columns 1 and 12 because these are used as a blank for the
plate reader to allow for the absorbance of the residual medium and MTT in the wells.

3. The drug solution should be prepared just before use and should be sterile. Many cyto-
toxic drug are insoluble in water. A diluent used to solubilize the drug should be included
as a separate control, usually at the highest concentration to be used, and added in
medium to the cells in column 11. DMSO can be used and since this is self sterile it
avoids possible loss of drug as a result of binding to the filter. Most cells will tolerate up
to 1% DMSO in culture medium.

4. If the cytotoxicity of the drug is not known, a serial dilution with a starting concentration
of 10–5 M can be used. Once the cytotoxicity is known, the drug concentration range can
be reduced to cover the area of interest.

5. The drug-exposure period can be varied. As a rule, cytotoxicity increases with increas-
ing drug exposure. The most marked effects are seen during the first 24 h and sensitivity
usually shows a plateau by 72 h. The mechanism of action of the drug, for example, if it
is S-phase specific, the exposure period should allow for all cells to have passed through
S-phase. The stability of the drug in culture medium should also be taken into account.
For drug exposure periods of greater than 24 h it is recommended that the drug be
replaced at 24 h intervals. Regardless of the drug exposure period, the cells must be
allowed to undergo two to three cell doubling times after removal of the drug. It is not
necessary to use eight wells for each drug concentration. Reproducible results can be
obtained from four wells per concentration and it is practical to divide the plate so that
one drug is used in rows A–D and a second in rows E–H.
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6. MTT supplied by Sigma has a variable amount of the reduced formazan present. Formazan
is insoluble in PBS and can be filtered out when the solution is prepared. The solution can
be stored, but if it is not sterile or is exposed to light, the MTT will undergo reduction.
Check that the solution is bright yellow and if not refilter. Plates are wrapped in foil to
minimize the reduction of MTT by light. The 4-h incubation period is the time required
for maximal MTT reduction. For convenience, plates can be incubated for up to 6 h with-
out loss of accuracy.

7. DMSO can damage some multichannel pipets. Costar pipets are essentially resistant but
DMSO should still be dispensed with caution. Alternatively the Labsystems Microplate
Dispenser (ThermoQuest; cat. no. 5840 127) can be used to dispense both DMSO and
glycine buffer.

8. MTT reduction is used to estimate cell numbers at the end of the assay. The validity of the
endpoint depends on a linear relationship between MTT reduction and cell number. The
absorption spectrum of MTT-formazan is pH-dependent and the pH of the MTT-formazan
solution in DMSO depends on the cell density in the well. Glycine buffer is added to shift
the pH of all wells to, pH 10.5. At this pH, the spectrum shows a single peak with an
absorption maximum at about 570 nm. In contrast, at pH 7, the spectrum shows two
absorption maxima, at 500 nm and 570 nm, and measurement at a single wavelength
underestimated the amount of MTT-formazan present.

9. Microtiter plate readers were developed for ELISA techniques and this is reflected in the
computer software available. The Emax reader (Molecular Devices, Wokingham, UK) is
recommended since the software (Softmax PRO) was developed for diverse applications
and contains a curve-fitting facility that is ideal for analysis of survival curves.
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PARP Cleavage as a Means of Assessing Apoptosis

Peter Mullen

1. Introduction
Although cell death is often seen as a pathological process, there are classically two

types of cell death in biological systems, namely necrosis (accidental cell death) and
apoptosis (programmed cell death). Although it was recognized from the early fifties
that cell death was a natural process in normal tissue development and embryogenesis
(1,2), the term apoptosis was first used by Wyllie et al. to describe a number of molecu-
lar and morphological processes in which individual cells actively undergo a pro-
grammed, genetically-regulated cell death (3–5). The term, derived from a Greek word
meaning “the dropping off of leaves from trees,” was thus introduced to distinguish this
mode of death from the more familiar process of necrosis and to emphasize its physi-
ological role (programmed cell death and apoptosis are often used interchangeably).

Apoptosis is a normal physiological process involving many genes and requires the
active consumption of energy in the form of ATP to safely dispose of cells once they
have fulfilled their intended biological role. It is of widespread biological significance
and is critical for normal development where cell proliferation and cell death must be
balanced to maintain tissue homeostasis. As well as being involved in both normal cell
turnover and the removal of abnormal cells (4), it is crucial in determining tissue size
and shape during embryogenesis, metamorphosis, and differentiation. It is also par-
ticularly important for the regulation and function of the immune system. Abnormal
functioning or inappropriate regulation of the apoptotic processes can contribute to a
variety of pathological conditions with reduced apoptosis being associated with can-
cer, autoimmunity, immunodeficiency, and viral infections. Enhanced apoptosis can
be seen in ischemic heart disease and stroke, neurodegenerative disease, sepsis, and
multiple organ dysfunction syndrome (6,7).

Apoptotic cell death can be induced by a variety of stimuli, including ligation of cell
surface receptors, serum deprivation, growth factor deprivation, heat shock, hypoxia,
exposure to ultraviolet radiation, DNA damage, viral infection, and exposure to dexam-
ethasone and cytotoxic or chemotherapeutic agents. The process is characterized by a
number of stereotypical morphological features (8) whereby the cell first shrinks and
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deforms. After becoming detached from its neighbors it then undergoes chromatin con-
densation and internucleosomal cleavage of the DNA before fragmenting into compact
membrane-enclosed structures termed “apoptotic bodies.” These apoptotic bodies are
then engulfed by macrophages before elimination from the tissue with no significant
inflammatory damage to surrounding cells. This is in contrast to necrosis, where cells
suffer a major insult resulting in the loss of membrane integrity, swelling, and then
rupture, after which the contents of the cell are released in an uncontrolled manner into
the cell’s environment, resulting in further damage to surrounding cells and a strong
inflammatory response in the tissue. Although apoptosis and necrosis are considered
conceptually distinct forms of cell death, cells exposed to physical, biochemical, or
biological injury activate a common series of stress-response genes regardless of how
they are elicited. Cells suffering only minimal insults will often recover while those
suffering greater damage will succumb to individual cell death or apoptosis with the
cell dying before being recycled. If the insult overwhelms a large number of cells then
necrosis will occur. Because both apoptosis and necrosis can occur simultaneously in
tissues or cell cultures exposed to the same stimulus, the intensity of the same initial
insult will often decide the prevalence of either apoptosis or necrosis. There is also
increasing evidence that the processes of apoptosis and necrosis represent only the
extreme ends of a wide range of possible morphological and biochemical deaths.

Signaling for apoptosis occurs through a limited number of independent pathways
via extracellular signals and intracellular mediators that are initiated from triggering
events from either within or outside the cell (9). Both intrinsic and extrinsic pathways
for the activation of apoptosis are known to occur with cross-talk between the two
pathways taking place. Although specific death signals can act through death ligands/
receptors and their respective intracellular signaling pathways, all apoptosis signaling
pathways converge on a common machinery of cell destruction that is activated by a
family of cystein proteases known as caspases (10). Although the initiation of cell
death involves a number of signaling systems, the activation of caspases has a key role
in the progression towards the final morphological changes that take place (11). Four-
teen such mammalian caspases have been identified, three of which (caspase-3, -6,
and -7) are thought to coordinate the late execution phase of apoptosis by cleaving the
aspartate residues of various structural and repair proteins (12,13). Cleavage of chro-
mosomal DNA into nucleosomal units is accomplished in a number of ways following
activation of such caspases. Control of this process requires the functioning of subcel-
lular organelles (particularly the mitochondria) and involves members of the BH3-
containing proapoptotic (for example, Bax) or antiapoptotic (for example, Bclxl)
subfamilies of the Bcl2 gene family.

The enzyme poly(ADP-ribose) polymerase, or PARP, whose expression is triggered
by DNA-strand breaks, was the first such protein identified as a substrate for caspases
(14). PARP is involved in DNA damage repair and functions both by catalyzing the
synthesis of poly(ADP-ribose) and by binding to DNA-strand breaks and modifying
nuclear proteins. In cells undergoing apoptosis, it is cleaved from a full-length 116 kD
peptide into 89 kD and 24 kD polypeptides by caspase-3 during the degradation of
cellular DNA, thus preventing DNA damage repair (see Note 1; Fig. 1). DNA topoi-
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somerase II, which is a nuclear enzyme essential for DNA replication and repair, is
then also inactivated, resulting in further DNA damage. The first stage of the apoptotic
process thus involves inactivating PARP on extensively fragmented DNA and conse-
quently preventing DNA repair processes. The breakdown of structural nuclear pro-
teins, such as lamins, by caspase-6 then gives rise to the chromatin condensation
commonly observed in apoptotic cells. Subsequent fragmentation of DNA into the
typical nucleosomal DNA ladder is then brought about by an enzyme known as CAD,
or caspase activated DNase. CAD usually exists as an inactive complex along with the
inhibitor of CAD (ICAD), which is itself cleaved by caspases, including caspase-3,
to release active CAD during apoptosis. Such PARP cleavage prevents induction of
necrosis during apoptosis and ensures appropriate execution of caspase-mediated cell
death (15). The activation of CAD prior to the cleavage of PARP after DNA fragmen-
tation results in a catastrophic consumption of nicotinamide adenine dinucleotide
(NAD)+ energy (16,17). This consumption of energy can disrupt the ordered comple-
tion of the apoptotic process, alternatively diverting the cell to a necrotic fate with
resulting tissue damage.

Apoptotic cell death can be measured in a number of ways although no single assay
is suited to all cell models. Determination of apoptosis levels should therefore ideally
be made using more than one method. Assessment of apoptosis can be carried out by a
variety of methods, including the analysis of cells stained for DNA content, the
TUNEL assay, annexin labeling, or the PARP cleavage assay. It should, however,
be pointed out that morphological changes visualized by electron microscopy would
be regarded as the definitive method of confirming the presence of apoptosis. The first
and simplest method of assessing apoptosis involves staining cells for total DNA
content using propidium iodide to give typical G0/G1, S, and G2/M cell cycle distri-
bution. A sub-G0/G1 peak is taken to be indicative of enhanced apoptosis, although

Fig. 1. Western blot illustrating SKOV-3 ovarian cancer cells treated with c-Raf antisense
oligonucleotide (lane 3) and c-Raf mismatch oligonucleotide (lane 2). Untreated control cells
are shown in lane 1. The three upper bands represent the full length 116 kD product while the
lower band (lane 3) represents the 89 kD cleaved PARP product associated with apoptosis. No
such band was seen in control cells (lane 1) or cells treated with mismatch oligonucleotide
(lane 2).
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necrotic cells or cell debris with mitochondrial DNA can also stain positively and
present as an undefined sub-G1 region. As an assay of apoptosis, the technique there-
fore has limited value. The TUNEL assay relies on strand breaks within the DNA
brought about by the characteristic DNA cleavage taking place during apoptosis. The
enzyme terminal deoxynucleotidyl transferase (TdT) is used to add biotinylated, BrdU,
or digoxygenin-labeled nucleotides to these strand breaks, and they can in turn be de-
tected using a fluorochrome-labeled streptavidin conjugate, an anti-BrdU antibody, or
a fluorochrome-labeled antidigoxygenin antibody, respectively. The method is appli-
cable to all cell types, is quantitative, and has the advantage that apoptosis can be di-
rectly correlated with cell-cycle kinetics. It is, however, technically more demanding as
well as being relatively more expensive. Annexin-V labeling measures translocation,
or “flipping,” of phosphatidylserine (PS) from the inside to the outside of the cell mem-
brane during the early stages of apoptosis and requires Ca++ for binding. Detection is
made possible using fluorescein isothiocyanate (FITC)-labeled annexin-V, a Ca++ de-
pendent phospholipid-binding protein. The assay utilizes propidium iodide exclusion
as a membrane integrity dye because nonviable, necrotic cells will be leaky and hence take
up the DNA dye, whereas viable cells will exclude low concentrations of propidium io-
dide. Dual-staining with FITC-conjugated annexin-V thus allows discrimination of
healthy viable cells, early apoptotic cells, and late apoptotic/necrotic cells. This useful
and informative method is particularly suited to nonadherent cells; it can be equally
useful when studying adherent cell systems, although the mechanical or enzymatic
detachment of cells can give artificially high values, particularly if the membranes are
compromised during the harvesting procedure. Finally, cleaved PARP in the form of
89 kD and 24 kD polypeptides derived from the 116 kD full length peptide during the
degradation of cellular DNA can be measured by Western blotting combined with
enhanced chemiluminescence (ECL) detection. Essentially, floating and adherent cells
are pooled, washed in PBS, sonicated on ice in a volume of loading buffer proportional
to the cell count, and then probed with one of the many commercially available PARP
antibodies. The specific rate of change in PARP activity depends on a number of fac-
tors, including cell type, method of induction of DNA damage or apoptosis, as well as
culture conditions. Specific proteolytic cleavage of PARP has nevertheless been shown
to be a reliable marker of apoptosis in a wide variety of cell lines. The anti-PARP
antibody C2-10 used in this study recognizes both full length PARP and the larger of
the two cleavage products (89 kD). In contrast to the annexin-V assay (which measures
early-stage events in apoptosis), this methodology specifically looks at late-stage
apoptosis after the activation of caspase-3. Although the induction of apoptosis can be
achieved through a variety of methods such as the use of glucocorticoids (18), we will
illustrate the use of the PARP cleavage assay by inducing apoptosis using an antisense
oligonucleotide to c-Raf1 since we have an interest in antisense therapy (19).

2. Materials
2.1. Cell Culture and Induction of Apoptosis

1. SKOV-3 ovarian cancer cells (ECACC, Porton Down, Wiltshire, UK).
2. RPMI 1640 culture media (Gibco-BRL, Life Technologies, Paisley, Scotland). Add peni-

cillin/streptomycin (Gibco-BRL, Life Technologies) to final concentrations of 100 U/mL
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and 100 µg/mL, respectively. Add 10% fetal calf serum (FCS; Advanced Protein Prod-
ucts, Brierley Hill, England) (see Note 2).

3. Optimem culture media (Gibco-BRL, Life Technologies).
4. Lipofectin (Gibco-BRL, Life Technologies).
5. Phosphate buffered saline (PBS) (Oxoid, Basingstoke, Hampshire, UK).
6. 75-cm2 Culture flasks (Life Technologies).
7. Apoptosis induction agent, for example, cRaf antisense oligonucleotide sequence

TCCCGCCTGTGACATGCATT (ISIS Pharmaceuticals, Carlsbad, CA).

2.2. Preparation of Cell Lysate
1. 1X Trypsin-EDTA (Gibco-BRL).
2. Gel loading buffer: 62.5 mM Tris-HCl, pH 6.8, 6 M urea, 10% glycerol, 2% SDS and

0.00125% bromophenol blue in 20 mL distilled water. Dispense into 2-mL aliquots and
freeze at –20°C. Fresh β-mercaptoethanol (50 µL/mL) should be added just before use.

3. Sonicator (Decon Ultrasonics, Hove Sussex, UK).

2.3. SDS-Polyacrylamide Gel Electrophoresis and Western Blot Analysis
1. Protean II Electrophoresis Tank Apparatus and power pack (Bio-Rad Laboratories, Her-

cules, CA).
2. 30% Acrylamide/Bisacrylamide (37.5/1) (Severn Biotech, Kidderminster, UK).
3. Ammonium persulfate, TEMED (N,N,N',N'-tetramethylethylenediamine), isopropyl-

alcohol, ethanol, Whatman No. 1 filter paper.
4. 1 M Tris-HCl, pH 8.85; 0.375 M Tris-HCl, pH 6.8.
5. Molecular weight markers.
6. Vaseline.
7. 10% Sodium dodecylsulfate (SDS): 100 g in 1 L distilled water. Store at room tempera-

ture (see Note 3).
8. Electrode buffer: 9.09 g Tris-HCl base, 43.26 g glycine, 30 mL 10% SDS  in 3 L distilled

water.

2.4. Transfer Onto Nitrocellulose Membranes
1. Transfer Tank Apparatus and power pack (Bio-Rad Laboratories).
2. Transfer buffer: 9.09 g Tris-HCl base, 43.26 g glycine  in 3 L distilled water.
3. Immobilon P transfer membranes (Millipore, Bedford, MA; no. IPVH304FO).
4. Methanol (BDH, Poole, Dorset, UK).
5. Whatman No. 1 filter paper (Whatman International, Maidstone, Kent, UK).

2.5. Antibody Detection and ECL Visualization
1. PBS/Tween: 3 mL Tween-20  in 3 L PBS  (Bio-Rad Laboratories).
2. Marvel dried skimmed milk powder (Premier Brands UK, Spalding, Lincs, UK).
3. Anti-PARP primary antibody C2-10 (R&D Systems Europe, Abingdon, UK; no. 4338-

MC) (see Note 4).
4. Goat antimouse IgG-HRP 2 antibody (Autogen Bioclear UK, Calne, Wilts, UK; sc-2031).
5. ECL detection kit (Roche Diagnostics, Mannheim, Germany; 1520709).
6. Developer/Fixer (Agfa-Gevaert NV, Mortsel, Belguim).
7. Hyperfilm ECL photographic film (Amersham Pharmacia, Little Chalfont, Bucks, UK).
8. Darkroom cassette, shaking platform, plastic lunchboxes with lids, acetate sheets.
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3. Methods
3.1. Cell Culture and Induction of Apoptosis

1. Suspend 2.5  × 105 SKOV-3 ovarian cancer cells in 25 mL RPMI/PS/10%FCS and trans-
fer to a 75-cm2tissue culture flask (one flask for each experimental condition). Place in a
5% CO2 humidified incubator at 37°C and allow cells to grow for 48–72 h.

2. Remove Optimem culture media from the fridge and place in a water bath at 37°C.
3. Add 60 µL lipofectin to a sterile beaker containing 10 mL of Optimem (final concentra-

tion, 6 µL/mL) and incubate at 37°C for 15 min (see Note 5).
4. In the meantime, mix a working concentration of 5 nM antisense oligonucleotide by dilut-

ing 5 µL of stock antisense oligonucleotides (0.5 µM) into 500 µL of lipofectin/Optimem.
Place on ice.

5. Remove culture media from tissue culture flasks and wash the cells in 10 mL PBS,
removing any excess with a pastette.

6. Add the pre-incubated 10 mL Optimem/lipofectin to each flask, followed by antisense
oligunucleotide (400 µL/10 mL; final concentration 200 nM). Place back in the incubator
for 3 h.

7. Remove the antisense oligonucleotides, wash the flasks with PBS, and then replenish
with fresh RPMI/PS/10% FCS (25 mL). Leave for 48 h.

3.2. Preparation of Cell Lysates

1. Remove spent media from the flasks and transfer to labeled 50-mL conical tubes. Do not
discard.

2. Wash cells with 10 mL PBS and discard. Add 3 mL trypsin/EDTA to each flask and
replace in the incubator until the cells have become detached see Note 6).

3. Transfer the trypsinized cell suspensions (3 mL) to the tubes containing their respective
media (see Subheading 3.2.1.). Wash the flask with 10 mL of fresh media and combine
with both the spent media and the cell suspension (total volume 38 mL).

4. Centrifuge at 1800g for 5 min and then pour off the media. Resuspend the pellet in
RPMI/PS/10% FCS (2 mL). Syringe with a pastette to break up the pellet and then
count a 200-µL aliquot.

5. Transfer 0.8 × 106 to fresh Universal containers and then spin at 500g for 5 min at 4°C.
6. Wash the pellet in ice cold PBS and then again centrifuge at 500g for 5 min at 4°C.

Discard supernatant.
7. Remove an aliquot of gel loading buffer from the freezer and add β-mercaptoethanol

(50 µL/mL) immediately prior to use. Resuspend cells in gel loading buffer (200 µL per
sample) using a 1-mL pipet. Gently draw the sample up and down inside the pipet until
it becomes viscous as a result of the release of DNA during lysis. Transfer to 1.5-mL
microcentrifuge tubes.

8. Sonicate the samples on ice for 10 seconds (s), rest on ice for 10 s, and then resonicate for
a further 10 s. Store at –20°C prior to Western blot analysis.

3.3. SDS-Polyacrylamide Gel Electrophoresis and Western Blot Analysis

1. Clean the glass plates of the gel apparatus using ethanol in order to remove any dirt or
grease. Assemble the plates in the casting stand as per the manufacturer’s instructions.

2. Make up sufficient resolving gel (10% SDS-PAGE) for the volume between the plates



PARP Assay 177

(1.5 × 14 × 16 cm) by adding 16 mL of 30% acrylamide/bisacrylamide, 15 mL 1 M Tris-
HCl, pH 8.85, 0.4 mL 10% SDS, 8.6 mL distilled water (see Note 7).

3. Add 100 µL TEMED and 100 µL AMPS (2-acrylamido-2-methyl-1-propanesulfonic acid )
in order to initiate polymerization of the gel (see Note 8).

4. Pour the resolving gel between the two glass plates up to the level indicated on the appa-
ratus, taking care not to spill it. Immediately afterwards, drop isopropyl alcohol between
the plates to form a layer of about 1–2 mm on top of the gel. This will not only ensure that
the surface of the gel is smooth and even, but prevent it drying out. Leave at room tem-
perature to polymerize.

5. When the gel has set, tip the casting stand over the sink, and pour away the isopropyl
alcohol. Gently wash with distilled water between the top of the two plates and again
remove excess moisture from the top of the gel by tipping the casting stand on its side and
blotting dry with filter paper, being careful not to touch the gel (see Note 9).

6. Make stacking gel by adding 3.6 mL 30% acrylamide/bisacrylamide, 10 mL 0.375 M
Tris-HCl, pH 6.8, 0.3 mL 10% SDS, 16 mL distilled water, 0.1 mL AMPS, and 0.1 mL
TEMED, adding TEMED and AMPS last. Pour the stacking gel on top of the resolving
gel but stop approx 1 cm from the top of the plates. Starting at one end, insert the comb of
choice between the plates and into the gel, and then firmly push it down until it rests
horizontally on the outer glass plate. Continue to fill the gel to within approx 2 mm from
the top of the plates (otherwise the wells will become fused together when the comb is
removed). Gently tap the top of the comb and use a fine-tipped pastette to remove any air
bubbles or excess acrylamide. Allow the gel to set. It may be helpful at this stage to draw
a line at the bottom of each well with a marker pen to facilitate loading of the gel.

7. Remove the gel from the casting stand and assemble the electrophoresis tank as per the
manufacturer’s instructions. Fill the upper chamber and then the bottom of the tank with
3 L electrode buffer and let sit for a few minutes to ensure that the glass plates have
formed a watertight seal (if not, the buffer will leak out of the top chamber into the tank
below and the electrode will overheat, causing the plastic to melt). The rubber gasket
which forms the seal along the bottom edge of the upper chamber can be lightly smeared
with Vaseline to ensure a better seal if necessary. Remove any air bubbles which may be
trapped on the underside of the glass plates within the tank.

8. Flush out each individual well with a fine-tipped pastette to ensure there is no residual
acrylamide at the bottom of the well that may impair movement of proteins through
the gel.

9. Remove samples from the freezer and denature for 10 min at 65°C. If molecular weight
markers are to be used for reference they should be denatured at the same time (95°C for
5 min). Allow all tubes to cool prior to loading (see Note 10).

10. Carefully load an equal number of cells (75 µL) to each lane of the gel using extra long
gel loading tips—a duck-billed tip can be used if preferred (see Note 11).

11. Connect a rubber hose to the tank and turn on the water supply to keep the gel cool
throughout the run (see Note 12).

12. Place the lid onto the tank, ensuring that the positive and negative contacts on the lid
match those of the tank. Connect the leads to the power pack, again ensuring correct
polarity. Run each gel for 35 min at 60 mA (120 mA for two gels) through the stacking
gel, followed by 3–4 h at 35 mA (70 mA for two gels) through the resolving gel (or until
the dye front runs off the bottom of the gel into the tank). Turn off the power before
dismantling the apparatus.
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3.4. Transfer Onto Nitrocellulose Membranes
1. Cut one piece of Immobilon-P (Millipore) membrane (15 cm × 17 cm) and four pieces of

filter paper (16 cm × 18 cm) so that they are approx 1–2 cm larger than the area of the
resolving gel.

2. Using flat-nosed forceps (do not touch with hands) soak the membrane in methanol for 12
s, followed by distilled water for 2 min and then transfer buffer for 5 min (see Note 13).

3. Lay the black side of the sandwich apparatus on the bench with the hinge away from
yourself, the clear side being on top. Open the sandwich completely so that the clear side
is then also on the bench but furthest away from you

4. Soak one of the sponge pads in transfer buffer and then lay it on top of the black surface.
5. Hold two of the filter papers together and soak in transfer buffer. Lay the filter papers on

top of the sponge pad. Gently, but firmly, roll a clean pipet over the surface of the filter
paper to push away any air bubbles.

6. Disassemble the electrophoresis tank and carefully separate the two glass plates using
one of the plastic spacers to lever the two sides apart. Cut off the uppermost stacking gel
and discard.

7. Flood the resolving gel in transfer buffer and then carefully lift it by the two top corners.
Carry it over to the filter paper and lower the bottom edge of the gel onto the lower
surface of the filter paper. Carefully lay the gel down (from bottom to top) onto the filter
paper trying to prevent it from tearing. Roll the pipet over the gel to again remove any air
bubbles (see Notes 14 and 15).

8. Place the membrane over the center of the gel. Roll the pipet over the gel to again remove
any air bubbles.

9. Soak two more filter papers in transfer buffer and lay on top of the gel. Roll the pipet over
the top to again remove any air bubbles.

10. Finally, soak the second sponge pad in transfer buffer and then lay on top of the filter
papers. Close the sandwich plate and secure with the clip.

11. Fill the transfer tank with buffer and then immerse the sandwich into the tank with the
black plate towards the negative electrode (black) and the clear/red plate towards the
positive electrode (red). Place a magnetic stirring bar in the tank and check the polarity
before putting on the lid. Connect the leads to the power pack and again check the polar-
ity. Place the tank on a magnetic stirrer in a cold room and run at 30 V overnight.

3.5. Antibody Detection and ECL Visualization
1. Make up 100 mL blocking agent containing 5 g/100 mL (5%) “Marvel” (Premier Brands)

nonfat dried milk in PBS-Tween.
2. Disassemble the transfer apparatus and lay the black sandwich plate on the bench with the

hinges away from you. Open the top of the sandwich plate away from you and remove the
upper sponge pad. Remove and discard the two upper filter papers, exposing the mem-
brane below. Trim the membrane with a scalpel if necessary and then carefully lift it up
with flat-nosed forceps and place into a sandwich box containing 50 mL of the blocking
agent. Flipping the membrane over from left to right will ensure that the proteins are on
the upper surface and the samples are in the correct left to right orientation. Place on a
shaking platform for 1 h at room temperature with gentle agitation.

3. Discard the blocking agent and incubate the membrane with a 1/10,000 dilution of (10 µL/
20 mL) of anti-PARP antibody (in blocking agent) overnight at 4°C on a rocking platform
(see Notes 16 and 17).
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4. Wash the membrane in PBS-Tween for 10 min (three times) by gentle agitation on a
rocking platform.

5. Incubate the membrane with a 1/2000 dilution (10 µL/20 mL) of goat antimouse IgG-HRP
secondary antibody (blocking agent) for 1 h at room temperature on a rocking platform.

6. Before continuing with the final three washes, prepare the ECL detection solution by
combining starting solution B with substrate 150 µL/15 mL solution A in a ratio of 1/100.
Mix and leave at room temperature for 30 min prior to use.

7. Wash the membrane in PBS-Tween for 10 min (three times) by gentle agitation on a
rocking platform.

8. Pour off the final PBS-Tween wash and add the ECL detection solution. Gently swirl the
solution over the membrane for 60 s and discard. Carefully lift the membrane up and lay
it down on top of an overhead–projector acetate sheet placed on a flat surface. Place
another similarly sized sheet on top of the membrane and bring together to make a sand-
wich. Smooth out any air bubbles with the back of your finger working from the center
outwards—if bubbles remain lift the top sheet up and start again. When all the bubbles
have disappeared, place the sandwich inside a darkroom–cassette and fasten down
the sides with tape to prevent movement (you later want to trace the positions of any
molecular weight marker bands onto your exposed photographic film, hence it must be
firmly located).

9. Take the cassette into the dark room, close the door, and turn on the safe light. Open the
cassette and place one sheet of Hyperfilm-ECL over the membrane, securing against one
corner of the cassette to hold it in place. Expose for 10 s, remove the film, and then
develop/fix using a commercial developer or conventional trays of developer, fixer, and
wash. Repeat using different exposure times to get an optimal image (see Note 18).

10. Place the developed image back into the cassette, again locating it against the same cor-
ner, and mark the position of the molecular weight markers onto the film. Label the lanes
according to original loading arrangement and identify position of bands using relative
positions of the molecular weight markers.

4. Notes

1. Some reports refer to a cleavage product of 85 kD in size while others speak of a 121-kD
full-length peptide.

2. Fetal calf serum must be heat-inactivated prior to use by heating in a water bath for 30
min at 56°C. It can then be placed in aliquots and stored at –20°C.

3. Gloves and a mask should be worn when weighing out SDS to prevent inhalation of the
fine powder.

4. Although anti-PARP antibodies are available from various commercial sources, some
detect both the full-length peptide and the cleaved product while others simply pick up
the cleaved product. Check that you have the correct antibody for the specific application
in mind.

5. Although the manufacturers state that Lipofectin has an indefinite shelf life if stored cor-
rectly, its efficiency will be quickly compromised if not kept at 4°C.

6. The time interval for cells to become detached from the plastic is dependent on the cell
line being used but is usually in the order of 5–10 min. Suspension cultures do not require
the trypsinization stage (see Subheading 3.2.2.).

7. Acrylamide/bisacrylamide is extremely hazardous and should not be purchased separately
in powder form unless absolutely necessary. It can, however, be obtained premixed in a



180 Mullen

variety of concentrations from various suppliers. The protocol described uses a 30% solu-
tion. If a different concentration is used the volume required will need to be adjusted.

8. TEMED and AMPS must be added last and immediately prior to pouring the gel because
the polymerization will commence as soon as these two agents are added.

9. The resolving gel can be poured the day before it is needed if precautions are taken to
prevent it drying out. This is best achieved by dropping distilled water onto the gel
between the plates and then covering completely in cling film to prevent evaporation. The
gel can then be stored vertically in the casting stand at 4°C overnight.

10. Although the samples should be kept on ice to prevent degradation by protease enzymes,
chilling immediately prior to loading onto the gel can make the glycerol in the loading
buffer become viscous which can in turn make it difficult to accurately dispense equal
volumes into each well.

11. When loading the gels, it is recommended to try and leave the first and last lanes free as
the gel may sometimes smile if it has been run to fast—this phenomenon becomes more
of a problem towards the edges of the gel.

12. Cooling of the tank during operation will enhance resolution by preventing distortion of
the gel if high voltages are used (which may cause it to melt). This can be achieved by
placing a rubber hose from the tap to one side of the tank and a return hose down the drain
creating a simple heat exchanger.

13. In order to prevent scratching the delicate membranes, use flat-nosed forceps when
handling.

14. When transferring the gel onto the membrane, keep it wet and try to be quick. Higher
density gels will be more robust than those of lower density. Clumsiness will inevitably
result in the gel tearing and subsequently splitting in two.

15. For optimal transfer while keeping orientation of the gel from left to right during the
transfer process, it is suggested that the gel is in fact flipped over so that the left side of
the gel lies down the right side of the membrane, i.e., placed on the membrane up-side-
down with the molecular weight markers running down the right side of the membrane.
When the membrane is then later taken out of the tank, the inverted samples will again be
in the correct order from left to right.

16. The primary antibody should not be repeatedly freeze/thawed but rather reconstituted and
placed in aliquots of smaller volumes for storage at –20°C or –70°C degrees.

17. The primary antibody incubation can alternatively be carried out for one hour at room
temperature, although this may be prone to higher background activity depending on the
antibody used.

18. When placing the photographic film into the cassette, it may be useful to fold over or snip
the bottom right hand corner in order to orient the image after exposure.
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Detection of Apoptosis by the TUNEL Assay

John Lawry

1. Introduction
Apoptosis is the name given to a normal cell process—that of programmed cell

death. As the term implies, this is normally a well controlled and highly regulated
series of events leading to the elimination of an “unwanted” cell. Without this pro-
cess, many stages of embryogenesis would not be complete and immune responses
would not be terminated (1). Failure to initiate apoptosis can induce many disease
states, the most well documented being arthritis and cancer. In these conditions, the
normal constraints on the life span of a differentiated cell are not present, so the cell
is not eliminated (2).

The process of apoptosis results in nuclear and cytoplasmic fragmentation,and
the formation of membrane-bound apoptotic bodies. This is one means of differenti-
ating apoptosis from necrosis. Necrosis is a process of cellular lysis with a corre-
sponding release of cytoplasmic components into the surrounding tissue. This
invokes an inflammatory response. There is no such response with apoptosis, as the
apoptotic bodies are phagocytized by adjacent cells leaving no trace of the original
cell, except perhaps a “hole” if visualized in formaldehyde-fixed, paraffin-embed-
ded tissue sections.

The apoptotic process includes a nuclease activation stage. Nucleases degrade the
higher order chromatin structures of DNA to produce fragments initially between 50
and 300 kilobases (kb) in size that are further cleaved to fragments around 200 base
pairs in length (3). These fragments enable “DNA ladders” to be visualized by agar-
ose-gel electrophoresis for some cell types (4).

The formation of large numbers of DNA fragments, by definition, leads to the
presence of large numbers of exposed DNA 3'-hydroxyl (OH) ends. It is this feature
that has enabled the development of “DNA end-labeling” assays, or “in situ end
labeling” (ISEL) which can be adapted for measurement by fluorescence micros-
copy, or more frequently, by flow cytometry (5,6). One form of the end labeling
assay utilizes the enzyme terminal deoxynucleotidyl transferase (TdT) to catalyze the tem-
plate-independent addition of deoxyribonucleoside triphosphates to the 3'-hydroxyl (OH)
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ends of double-stranded, or single-stranded DNA, irrespective of whether the ends
are recessed, overhanging, or blunt. This is the TUNEL assay (TdT-mediated dUTP
Nick End Labeling) (7).

1.1. Principles of the TUNEL Assay
Two parallel staining techniques have been developed: the in situ nick translation

method and the  in situ TUNEL method:

• Nick translation involves labeling DNA strand breaks with modified nucleotides using
exogenous DNA polymerase. This method primarily results in the labeling of mid-strand
breaks.

• The TUNEL method utilizes exogenous terminal transferase to label strand breaks by
incorporating modified nucleotides. This method primarily produces end labeling.

 Both methods are then developed to visualize the incorporated nucleotides with a
secondary detection system which incorporates a reporter molecule (e.g., fluoroscein
isothiocyanate [FITC]). This is illustrated in Fig. 1. DNA polymerase I catalyzes the
template addition of 2'-deoxyuridine 5'-triphosphate (dUTP) at free 3'-OH termini
when one strand is broken (“nicked”), so random DNA fragmentation will be
detected in addition to apoptotis-induced strand breaks. This would include endonu-
clease action during processes such as necrosis, so the in situ labeling procedure can
result in more nonapoptotis-specific labeling. In contrast, TdT only labels blunt ends

Fig. 1. In situ nick translation and in situ end labeling (TUNEL).
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of double-stranded DNA and is template independent. Labeling that is detected by
this procedure should closely parallel true apoptotic counts.

The deoxyribonucleoside triphosphate used as the end label in the TUNEL assay
can be bromolated to form Br-dUTP. This has been found to be more readily incorpo-
rated into the genome of apoptotic cells than deoxynucleotide triphosphates complexed
to larger molecules, such as digoxigenin, biotin, or fluorescein. The greater the level
of incorporation of dUTP, the greater will be the detection signal, and the more sensi-
tive the assay. All assays suffer from background binding in the system. Although this
is normally low in nonapoptosing cells, false positives may be associated with ele-
vated levels of actively dividing cells, or as a result of harsh fixation procedures. There-
fore, the greater the resolution between nonlabeled cells, low-intensity background
staining, and high-intensity true positive (apoptotic) cells, the easier it will be to take
qualitative measurements (8,9).

After Br-dUTP incorporation, labeled sites on the DNA can be tagged using an
anti-BrdU monoclonal antibody. To facilitate dual-staining protocols, and to simplify
the assay, the anti-BrdU antibody is usually conjugated directly to a suitable fluoro-
chrome, usually FITC. Other indirect procedures include biotin-dUTP and FITC
streptavidin, or digoxigenin-dUTP with FITC antidigoxygenin.

The TUNEL assay can be further simplified by using the enzyme TdT to catalyze the
template-independent addition of directly labeled dUTP (FITC-dUTP) to the 3'-hydroxyl
(OH) terminus of the DNA fragment. This is therefore a single-step labeling procedure.
However, this system may be a compromise between increased simplicity and the lack
of a signal amplification stage, which may reduce sensitivity in some cell types.

The advantage of the flow cytometric TUNEL assay is that the detection fluoro-
chrome (usually FITC) is compatible with dual staining with a DNA fluorochrome
such as propidium iodide (PI) or 7-aminoactinomycin D (7-AAD), or the UV excited
dye, DAPI (4',6-diamidino-2-phenylindole), to visualize ploidy and cell-cycle phase
subpopulations (10). It is therefore possible to trace any dominant subpopulation
(ploidy or cell-cycle phase) responsible for the generation of most of the apoptotic
cells. Conversely, this approach can also be used to identify any populations that seem
to be resistant to apoptosis induction.

For the detection of DNA strand breaks, there is a requirement for pre-fixing cells
with a crosslinking agent such as formaldehyde. Unlike ethanol, which is used as a
fixative for many other methods, formaldehyde or paraformaldehyde prevent the
extraction of degraded DNA, thereby retaining DNA levels at, or close to, that of
normal unfixed cells.

2. Materials
1. Phosphate buffered saline (PBS), pH 7.2.
2. 1% Paraformaldehyde in PBS, pH 7.0. Warm to 56°C to dissolve the powder form of this

reagent in the PBS.
3. 70% (v/v) Methanol.
4. 5X TdT reaction buffer: 125 mM Tris-HCl, pH 6.6, 1.25 mg/mL bovine serum albumin

(BSA), 1M sodium cacodylate. Weigh out 1.96 g Tris-HCl, 16 g Na-cacodylate, and 0.125
g BSA into 100 mL distilled water.
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5. TdT enzyme mixture: 20 U TdT, 2 µL 2 mM Br-dUTP, 5 µL 25 nM CoCl2, 10 µL TdT
reaction buffer, 35 µL distilled water. Use 50 µL per sample, so multiply for the test size
adding an extra 50 µL to allow for volume loss. Make up immediately prior to use. Do not
store.

6. Wash buffer: PBS, 0.2% Triton X-100, 1% BSA. Add 100 µL Triton X-100, 100 mL
PBS, 1% BSA and warm to dissolve. Store at 4°C.

7. Antibody labeling mix: 5 µL FITC anti-BrdU antibody (1 mg/mL) and 95 µL wash buffer.
Use 100 µL per test to multiply up for the whole assay. Add one extra measure (100 µL)
to allow for volume loss.

8. DNA fluorochromes: 10 µg/mL propidium iodide in PBS, 10 µg/mL 7-AAD in PBS, or
10 µg/mL DAPI in PBS.

9. DNAse-free RNAse A for use with propidium iodide (200 µg/mL PBS plus 0.1% azide).

3. Methods

TUNEL assays are easy to perform with only three processing stages:

1. Sample preparation (in vitro apoptosis induction, harvest and fix cells).
2. The staining assay.
3. Analysis on the flow cytometer.

3.1. Fixation
Cells may be prepared using a variety of apoptosis-inducing treatments (cyto-

toxic drugs, ionizing radiation, FAS ligand/receptor activation, serum depletion,
hypoxia, and, for some cells, substrate detachment) (11). Some cell lines spontane-
ously undergo apoptosis in culture (e.g., T47D breast cancer cell line, Y79 retino-
blastoma cell line).

All assays benefit from some form of positive control. Assay kits usually include
positive and negative control cells (often HL60 cells) that have been incubated with
10 µM camptothecin for 4 h, then harvested and fixed in alcohol. These cell prepara-
tions are, therefore, stable for considerable periods of time. It is not difficult to iden-
tify a suitable cell type and store aliquots in alcohol for each experiment. Both
control and test cells are then harvested and fixed using the same procedure, namely:

1. Suspend 1–2 × 106 cells in 0.5 mL of PBS.
2. To the cell suspension, add 5 mL of 1% (v/v) paraformaldehyde in PBS and place on ice

for 10 min after vortexing.
3. Centrifuge cells for 5 min at 300g and discard the supernatant.
4. Wash the cells in 5 mL of PBS then pellet the cells by centrifugation.
5. Resuspend the cells in 0.5 mL of PBS.
6. Add 5 mL of ice-cold 70% (v/v) methanol and vortex. Allow cells to be fixed and

permeabilized for at least 15 min prior to commencing staining.

Alternatively cells can be stored after stage 6 for several days at 4°C, or for longer
periods at –20°C (see Note 1).

3.2. The TUNEL Assay
1. Resuspend all cell suspensions (positive and negative controls and test cell samples) by

gently vortexing the vials. Remove aliquots of the cell suspensions so as to have approx 1
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× 106 cells per test, and place in 12 × 75-mm flow cytometry round bottom tubes. Centri-
fuge all the cell suspensions for 5 min (300g) and remove the 70% (v/v) ethanol by aspi-
ration being careful to not disturb the cell pellet.

2. Resuspend each cell sample with a short vortex mix, and add 1 mL of the wash buffer to
each tube. Centrifuge as before and remove the supernatant by aspiration.

3. Repeat the wash stage.
4. Resuspend each cell sample with a short vortex mix, and add 50 µL of the TdT Enzyme

Mixture and incubate for 60 min at 37°C in a water bath. Shake the tubes every 15 min to
resuspend cells that may settle.

5. At the end of the incubation time add 1.0 mL of the wash buffer to each tube and centri-
fuge (300g) for 5 min. Remove the supernatant by aspiration and gently vortex to resus-
pend the cell pellet.

6. Repeat the wash stage. Resuspend the cells pellet in 0.1 mL of the antibody labeling mix
(prepared as described above). Incubate in the dark for 30 min at room temperature. Wash
all samples twice using the wash buffer as before.

7. Resuspend the cell pellets and add 0.9 mL PBS. Add 100 µL propidium iodide/RNase A
solution to the tube, or an alternative DNA fluorochrome if required. If the cell density is
low, decrease the amount of PI/RNase A solution to 0.5mL.

8. Incubate the cells in the dark for 30 min at room temperature.
9. Analyze the cells by flow cytometry by leaving them in the propidium iodide/RNase

solution.
10. Analyze the cells within 3 h of staining.

3.3. Analysis on the Flow Cytometer
Samples may need to be filtered (50 µm mesh) before analysis. If samples need to

be diluted, use further aliquots of the propidium iodide/RNase solution, not PBS alone
as this will alter DNA staining by propidium iodide.

The combination of FITC antibody and propidium iodide DNA fluorochrome can
be analyzed on any cytometer with a blue argon ion laser (488 nm emission). 7-AAD
is also excited by this laser, but DAPI requires UV excitation.

1. Run the negative control sample and obtain a dot cluster on a dual-forward scatter versus
side-scatter display. Threshold some of the debris on the forward scatter parameter, but
do not threshold too close to the main population or apoptotic cells will be excluded (see
Note 2).

2. Using linear red detection (usually FL3, but FL2 can be used) as the x-axis, and log green
detection (FL1) as the y-axis, plot a second dual-parameter dot display. Adjust the ampli-
fication until the DNA G1-phase cell cluster is about one-third of the distance along the
x-axis, and the FL1 (FITC) cluster is within the first log decade (see Note 3).

3. If possible, establish doublet discrimination gates on a plot of DNA area versus DNA
width or peak, and use this gate for all other displays.

4. Acquire and save the list mode data for the negative control sample.
5. Run the positive control sample, and a clear positive cluster (FL1-FITC) should be seen

one to two log decades above the negative cells. Controls usually contain between 10 and
20% TUNEL-positive cells.

6. Acquire and save the list mode data for the positive control sample and proceed with all
other samples in the assay.

7. Examples are illustrated in Figs. 2 and 3.
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3.4. Summary
The TUNEL method is now considered to be sensitive, fast, and capable of identi-

fying early stage DNA fragmentation. It is able to identify early stage apoptotic cells
better than the nick translation technique, which also identifies necrotic cells. The
assay can be developed “in house” or purchased as a commercial kit. Samples pro-
duced by this technique can be analyzed on any cytometer so this procedure can be
exploited in all laboratories interested in gaining a greater insight into the pathogen-
esis and treatment of disease (12).

4. Notes
1. DNA fragmentation occurs in numerous biological and artificial situations, so background

or baseline values may vary from cell type to cell type. For example, fragmentation is
seen in:

• Necrosis.
• Sample preparation (fixation).
• Tissue sectioning or dissociation.
• Detergent and proteinase K treatment.
• Normal cell division, DNA repair and recombination.

Fig. 2. Y79 cells labeled with FITC TUNEL with propidium iodide DNA fluorochrome.Y79
(retinoblastoma) cells were labeled using the TUNEL assay and propidium iodide as the DNA
fluorochrome. TUNEL-positive cells can be clearly seen above the nonapoptotic TUNEL-nega-
tive cells. Most of the positive cells seem to be centered between G1 and G2 phases suggesting
that cells were apoptosing from S-phase.
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Fig. 3. Y79 cells labeled with FITC TUNEL with DAPI DNA fluorochrome. Y79 cell
samples were stained with TUNEL and the UV-excited DNA fluorochrome DAPI. In this ex-
ample, low thresholding was used so a lot of signals appear to the far left and bottom corner of
the display (outside regions 1 and 2). Clearly these represent small fragments of a whole cell, as
they have fractional amounts of DNA relative to the G1 peak. These must be apoptotic bodies,
not intact cells (see Note 4).

2. For many cell types, improved results can be obtained after fixation, by storing the cells
at –20°C in 70% (v/v) ethanol overnight, prior to staining for apoptosis detection.

3. Control cells from kits may have a different total DNA content to the test cells, so the
DNA signal (FL3 or FL2) may need to be increased or decreased, so as to bring the G1-
phase population back to a position approximately one-third of the way along the axis.

4. Different cells may follow different forms of the apoptotic pathway. Not all apoptosis
assays therefore identify apoptotic cells as clearly. Classic morphology is still the gold
standard for the confirmation of the apoptotic phenotype, with apoptotic body formation
readily seen using fluorescence microscopy with a cytospin of the cell sample labeled
with the DNA fluorochrome. DAPI is the fluorochrome of choice but good results can
also be seen with propidium iodide (13).

Acknowledgments
The Flow Cytometry Facility in the Institute for Cancer Studies is funded by York-

shire Cancer Research.



190 Lawry

References
1. Wyllie, A. H., Kerr, J. F. R., and Currie, A. R. (1980) Cell death: the significance of

apoptosis. Int. Rev. Cytolog. 68, 251–306.
2. Kerr, J. F. R., Wyllie, A. H., and Currie, A. R. (1972) Apoptosis: a basic biological phe-

nomenon with wide ranging implications in tissue kinetics. Br. J. Cancer 26, 239–257.
3. Arends, M. J., Morris, R. G., and Wyllie, A. H. (1990) Apoptosis: the role of endonu-

clease. Am. J. Pathol. 136, 593–608.
4. Gorczyca, W., Bigman, K., Mittelman, A., et al. (1993) Induction of DNA strand breaks

associated with apoptosis during treatment of leukaemias. Leukaemia 7, 659–670.
5. Gorczyca, W., Bruno, S., Darzynkiewicz, R. J., Gong, J., and Darzynkiewicz, Z. (1992)

DNA strand breaks occurring during apoptosis: their early in-situ detection by the termi-
nal deoxynucleotidyl transferase and nick translation assays and prevention by serine pro-
tease inhibitors. Int. J. Oncol. 1, 639–648.

6. Gorczyca, W., Gong, J., and Darzynkiewicz, Z. (1993) Detection of DNA strand breaks in
individual apoptotic cells, by the in-situ terminal deoxynucleotidyl transferase and
nicktranslation assay. Cancer Res. 52, 1945–1951.

7. Negoescu, A., Lorimier, P., Labat-Moleur, F., et al. (1997) TUNEL: improvement and
evaluation of the method for in-situ apoptotic cell identification. Biochemica 2, 12–17.

8. Li, X. and Darzynkiewicz, Z. (1995) Labelling DNA strand breaks with BrdUTP. Detec-
tion of apoptosis and cell proliferation. Cell Prolif. 28, 571–579.

9. Li, X., Traganos, F., Melamed, M. R., and Darzynkiewicz, Z. (1995) Single-step proce-
dure for labelling DNA strand breaks with fluorescein or BODIPY conjugated
deoxynucleotides: detection of apoptosis and bromodeoxyuridine incorporation.
Cytometry 20, 172–180.

10. Li, X., Melamed, M. R., and Darzynkiewicz, Z. (1996) Detection of apoptosis and DNA
replication by different labeling of DNA strand breaks with fluorochromes of different
colour. Exp. Cell Res. 222, 28–37.

11. Steller, H. (1995) Mechanisms and genetics of cellular suicide. Science, 267, 1445–1449.
12. Thompson, C. B. (1995) Apoptosis in the pathogenesis and treatment of disease. Science

267, 1456–1462.
13. Darzynkiewicz, Z., Bruno, S., Del Bino, G., et al. (1992) Features of apoptotic cells mea-

sured by flow cytometry. Cytometry 13, 795–808.



Annexin Assay 191

191

From: Methods in Molecular Medicine, vol. 88: Cancer Cell Culture: Methods and Protocols
Edited by: S. P. Langdon © Humana Press Inc., Totowa, NJ

17

Apoptosis Measurement by Annexin V Staining

Eric Miller

1. Introduction
Several methods exist for the detection of apoptosis using features of the cell as it

undergoes the various stages leading to the death of the cell (1,2). One of the earliest
uses of flow cytometry was the detecting of a sub-G0 peak in the DNA histogram
that showed fragmentation of the nucleus (3). The terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) assay also detects fragmentation
of DNA by labeling the broken ends of DNA sequences with fluorescein
isothiocynate conjugate (FITC)-labeled nucleotides (4,5). Unfortunately, DNA frag-
mentation occurs at a late stage in the process of apoptosis (6) and is not specific to
apoptotic cells. Necrotic cells can also produce these appearances in a flow-
cytometric assay. Recently, PARP cleavage (7) and annexin V (8–11) have claimed
more specificity. PARP cleavage occurs early in the response as a result of the activ-
ity of caspase-3 and correlates well with chromatin condensation (12) . PARP cleav-
age is associated with the condensed chromatin in apoptotic cells as a measure of
apoptosis. It may appear as early as 3 h post the apoptosis inducing event and pre-
cedes the ability to detect actual DNA fragmentation. The annexin V assay has been
widely accepted as a marker of apoptosis (13–15) and the remainder of this chapter
will be devoted to its measurement by flow cytometry.

Annexin V is a Ca++-dependent phospholipid-binding protein that binds strongly to
phosphatidylserine residues on the cell membrane. In a normal cell these residues are
on the inner surface of the membrane and therefore inaccessible to annexin V unless
the cell membrane becomes permeable. At an early stage of apoptosis the phosphati-
dylserine residues are translocated to the outside of the cell (16). This is considered
irreversible at this point; the cell is now committed to death by apoptosis (17).

By allowing annexin V to react with these cells, any cell that has been committed to
apoptosis will have exposed phosphatidylserine residues and thus will bind annexin
V. If the annexin V is conjugated to FITC, the proportion of cells giving a positive
FITC signal will provide a measure of the proportion of the population undergoing
apoptosis. An important consideration is the fact that if the cell membrane is compro-
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mised, the phosphatidylserine residues within the cell will also stain and thus affect
the result of the assay. One way around this problem is to incorporate a propidium
iodide (PI) staining step in the protocol. If the cell membrane is compromised, the
propidium iodide will be able to stain the DNA in the nucleus and thus can be used to
discriminate the apoptotic cell from the damaged or necrotic cell.

Reference will be made to the use of a kit from R & D Systems (18) to perform the
assay, and the results will be analyzed on a Becton Dickinson (19) FacsCalibur, but
the principles of the assay remain the same and apply to all flow cytometers.

2. Materials
1. Cell line of interest.
2. Phosphate buffered saline (PBS).
3. Microcentrifuge tubes.
4. Microcentrifuge.
5. Pipets.
6. Flow cytometer.
7. Trypsin/EDTA.
8. Annexin V-FITC (R & D Systems).
9. 10X Binding buffer: 100 mM HEPES-NaOH, pH 7.4, 1.5 M NaCl, 50 mM KCl, 10 mM

MgCl2, 18 mM CaCl2 in distilled water.
10. Propidium iodide (PI) (R & D Systems).

3. Methods
3.1. Cell Preparation and Treatment
3.1.1. Harvest

The annexin V assay is ideal for a single-cell suspension but can be equally success-
ful using adherent cells, as long as care is taken to preserve the floating cell population.
Floating cell populations represent late stage apoptotic and necrotic cells and excluding
these may compromise the results. Cells may be harvested by the following method:

1. Decant supernatant from flask and set aside.
2. Wash flask twice in warm PBS to remove serum.
3. Detach cells in trypsin/EDTA mixture.
4. Add 10 % fetal calf serum (FCS) in media to inactivate trypsin and centrifuge for 5 min at

600g.
5. Resuspend in media.
6. Leave in incubator at 37°C for 30–45 min.
7. Treat as for suspension cultures.

3.1.2. Controls
Generally, 105 to 106 cells are recommended for each assay, but as three controls

are required to run a sample, we find that 2 × 106 cells are needed. The following
groups are prepared:

1. Unstained cells to measure background fluorescence.
2. Cells stained with PI alone.
3. Cells stained with annexin V/FITC alone.
4. Cells stained with PI and annexin V/FITC.
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3.1.3. Compensation Settings
Samples 2 and 3 will be used to assess the compensation settings on the flow cyto-

meter and need not be used for every sample.

1. Prepare the following solutions:

a. Binding buffer, 1/10 dilution of 10X concentrate. You will need approx 1 mL per
tube.

b. Staining buffer minus PI: 0.25 µg/mL annexin V/ FITC in 1X binding buffer, 100 µL
per tube.

c. Staining buffer minus annexin V/FITC: 5 µg/mL PI in 1X binding buffer, 100 µL per
tube.

d. Full staining buffer: 0.25 µg/mL annexin V/FITC, 5 µg/mL PI in 1X binding buffer,
100 µL per tube (see Notes 1 and 2).

2. Keep all solutions on ice until needed.
3. Divide cells into four aliquots of 105 to 106 cells and wash in cold PBS.
4. Add 100 µL of solutions A–D to four aliquots of cells prepared at step 1. Incubate for 15

min in the dark at room temperature.
5. Add 400 µL binding buffer to each tube and analyze within 1 h on a flow cytometer.

3.2. Analysis
1. Two dot plot displays will be needed on the flow cytometer. The first dot plot display

should show FSC vs SSC. Adjust the flow cytometer until all cells are between the
upper and lower display boundaries. The second display should show log green vs log
red fluorescence.

2. Using unstained cells, adjust red and green fluorescence until all cells are contained within
lower left quadrant and approximately equal in intensity. It is important not to adjust the
detector voltages after the unstained sample is removed (see Fig. 1).

3. Remove this tube and substitute the green-only stained tube (annexin - FITC) (FL1). The
display should now show two populations on the lower half of the display. Adjust the
degree of compensation FL2-FL1 until both populations have an equal (background) red
fluorescence (see Fig. 2).

4. Replace the tube with the red-only tube (PI) (FL2) and repeat as for second tube. Popula-
tions should be visible along the left-hand side of the display. Adjust FL1-FL2 until both
populations have an equal green fluorescence (see Fig. 3).

The cytometer is now set up and the test sample can be run. If the procedure is
successful up to four populations should be visible, one in each quadrant of the dis-
play. The percentage in each quadrant will define the amount of apoptosis present.

3.3. Interpretation
A typical result is shown in Fig. 4. Cells in each quadrant can be interpreted in the

following manner:

1. Lower left quadrant. These cells are negative for both annexin V and PI and can be
regarded as viable nonapoptotic cells

2. Upper left quadrant. Cells are negative for annexin V but positive for PI. These are cells
that have lost their cell membrane and are dead, either end-stage apoptotic or necrotic.

3. Upper right quadrant. These are positive for both annexin V and PI. Although the cells
show evidence of phosphatidyl residues these are not necessarily on the cell surface,
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because the cell membrane is permeable, shown by PI positivity. Cells here are dam-
aged cells, perhaps late stage apoptotic.

4. Lower right quadrant. Annexin V positive but PI negative. Annexin V positivity here
must be the result of external phosphatidyl residues, because the cell membrane remains
intact, shown by lack of PI staining. Cells here are in early stage apoptosis and this per-
centage should be reported as the percentage of apoptotic cells.

3.4. Troubleshooting

The next section will be devoted to common problems, how they appear on the
cytometer, and how to correct them.

Fig. 1. Fluorescence of unstained cells: first control. Red and green fluorescence values
are adjusted until all cells are within the lower left hand quadrant and approximately equal in
intensity.
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Fig. 2. Fluorescence of annexin V-FITC cells only: second control (green channel, FL1).
The degree of compensation (FL1-FL2) is adjusted until both populations have an equal (back-
ground) red fluorescence.

3.4.1. Reagent Missing or Not Working
In this example (see Fig. 5) the researcher neglected to add the annexin V/FITC

reagent. The appearance is identical to the PI only control.

3.4.2. Compensation Not Set Up Correctly
Insufficient compensation on FL2-FL1 (see Fig. 6).
Instead of the apoptotic cells appearing in the bottom right quadrant they are in the

top right. The cells in the top left quadrant are actually dual positive late apoptotic/
necrotic cells. This situation is easiest to salvage by returning to the control samples
and starting from scratch.
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3.4.3. Damaged Cells (e.g., Rough Handling, Vortexing)

If cells have been damaged in processing, the result may be as shown in Fig.7. Note
the appearance of two parallel bands of dots along the top left quadrant. Rough han-
dling has damaged the cell membrane of all viable cells and allowed saturation of the
DNA with PI. The cells in the top right have damaged cytoplasmic membranes, while
those in the top right have lost their cytoplasm altogether. Essentially this is now a
cell-cycle preparation viewed through a log amplifier. The FL2 signal alone appears
as shown in Fig. 8.

Fig. 3. Fluorescence of PI cells only: third control (red channel, FL2). The degree of
compensation (FL1-FL2) is adjusted until both populations have an equal (background) green
fluorescence.
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Fig. 4. Test sample, dual stained for both annexin-V and PI. Cells in the lower left quadrant
are negative for both annexin V and PI and are regarded as viable and nonapoptotic. Cells in the
lower right quadrant are annexin V-positive but PI-negative and are regarded as apoptotic.
Cells in the upper quadrants are PI-positive and although the left-hand quadrant cells are likely
to be necrotic, cells in the upper right may be either necrotic or late-stage apoptotic.

Note the two peaks in the third decade corresponding to the G0 and G2 peaks of the
DNA histogram. The best cure for this situation is to handle the cells more gently.
Anything that affects the integrity of the cell membrane will affect the results of the
annexin V assay, either resulting in false positives or uninterpretable dot plots. The
assay relies on the integrity of the cell membrane, which in turn relies on the care of
the operator preparing the samples.
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3.5. Summary
Annexin V/PI staining has a wide variety of applications (20–24). It is a rapid and

sensitive method for distinguishing apoptotic cells from necrotic cells in a flow
cytometry based assay. Its major drawbacks are that cells cannot be stored for a batch
analysis and it requires careful handling of the cells to produce good results.

4. Notes
1. Propidium iodide is toxic and should be treated with caution.
2. The concentration of annexin V-FITC may be modified if the cells have less or more

phosphatidylserine residues.

Fig. 5. Example of a profile in which a reagent is missing. In this example annexin-FITC has
been omitted. Thethe resulting appearance is equivalent to the PI-only control.
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Fig. 6. Example of a profile in which there has been insufficient compensation (FL1-FL2).
Cells in the upper right quadrant should be level with cells in the bottom left quadrant.
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Cell Adhesion Assays

William N. Scott

1. Introduction
Interactions with cell adhesion molecules determine the organization of tissues and

mediate precise cell migrations during embryonic development, inflammation, the
immune response, and wound repair (1–6). They are involved in the regulation of gene
expression, growth, and differentiation, and are central to invasion and metastasis in
cancer (7–13). Viral and bacterial pathogens may also use these molecules to selec-
tively gain entrance to specific cells or tissues (14–16).

Cell adhesion molecules function by forming specific protein–protein or protein–
carbohydrate bonds at the cell surface to mediate cell interactions. In addition, cell
adhesion molecules or their receptors often form direct associations with cytoplasmic-
based proteins, which allow these complexes to interact with the cytoskeleton and
signal transduction pathways. In this respect, cell adhesion not only connects cells
with other cells and the extracellular matrix, but also assists in communication
between the external environs and signal transduction pathways within cells (17–19).

Molecules that mediate cell–cell or cell–matrix adhesion fall into two broad struc-
tural classes. One class is anchored to the plasma membrane, often as a transmem-
brane protein. These membrane-anchored molecules are generally receptors,
homophilic adhesion molecules, or counter-receptors. They consist of an extracellular
domain containing one or more specific cell interaction domains or sites, as well as a
stalk region, a hydrophobic transmembrane domain, and a cytoplasmic domain or tail.
This type of adhesion molecule is often involved in the transmembrane transmission
of signals after binding to their target molecule and includes the cadherins, selectins,
integrins, and the immunoglobulin superfamily.

The second broad class of adhesion molecules consists of cell-surface or extracel-
lular matrix proteins that contain domains involved in cellular adhesion. Nearly all
matrix proteins, including fibronectin, laminins, vitronectin, collagens, and many other
extracellular proteins contain such sites. These proteins contain one or more cell-bind-
ing domains that are composed of a primary recognition motif consisting of a short
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peptide sequence (e.g., Arg-Gly-Asp or Leu-Asp-Val) and often a synergy site or other
structural feature that substantially enhances receptor-binding specificity and affinity.

One feature common to both classes of adhesion molecule is their relatively moder-
ate ligand affinity (Kd 10–6 to 10–4 M). This modest affinity is an important process
that allows the dynamic changes that occur in cell attachment and detachment during
cell migration.

Cell adhesion is often categorized into cell-to-cell adhesion and cell-to-substrate
adhesion. In each case, the physical structures that mediate cell adhesion can be either
specialized adhesive structures or extended regions of plasma membrane. For example,
cells can initially adhere to other cells along large areas of plasma membrane using
general-purpose adhesive molecules such as cadherins. They can also form attach-
ments to each other by using specialized adhesive structures, such as desmosomes,
adherens junctions, and tight junctions. Each type of junctional complex involves spe-
cific adhesion-molecule components, such as cadherins and associated cytoplasmic
components involved in linkage to the actin-containing cytoskeleton. Fibroblasts can
also form adhesions to other fibroblasts, but they characteristically form adhesive
interactions with extracellular matrix molecules. Such cell-to-matrix adhesion sites
can also be either broad zones or specialized structures. For example, rapidly migrat-
ing cells typically interact with tissue culture substrates through broad areas of con-
tact. The entire basal surface of epithelial cells adheres via integrins to their underlying
basement membranes. Specialized adhesive structures include the hemidesmosomes
of certain epithelial cells and the focal adhesions of fibroblastic and endothelial cells.
The protein composition of the complexes involved in cell-to-matrix adhesions can
sometimes involve a few of the same proteins as in cell-to-cell adhesions, such as
vinculin and actin, but they mainly consist of distinct types of adhesive, cytoskeletal,
and signal transduction molecules.

1.1. Major Families of Cell Adhesion Molecules
1.1.1. Cadherins

Cadherins comprise a large family of proteins centrally involved in cell-to-cell
adhesive interactions (see Fig. 1). These molecules mediate adhesion over broad
expanses of cell–cell contact or through more organized foci of adhesion such as
adherens junctions. Cadherins on one cell generally bind in homophilic fashion to the
same type of cadherin on other cells by means of specific cell-interaction domains that
can include the short peptide recognition sequence His-Ala-Val (20). In this way they
act as both receptor and ligand.

Sharing a considerable degree of homology at the amino acid level (40–60%),
cadherins are a family of calcium dependent molecules of which there are at least 11
different human forms (21–23). They are responsible for selective cell–cell adhesion
during embryogenesis and assist in the distribution and positioning of cells during
development (21,24). Despite their importance, little is known about the regulatory
mechanisms controlling the differential expression of these molecules.

The principle forms of cadherins are neuronal (N)-cadherin, placental (P)-cadherin
and epithelial (E)-cadherin. The N-cadherin is predominant in neural tissues and has
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been identified in a soluble form, fragments of which have been shown to retain posi-
tive biological activity (25). Permanent expression of P-cadherin is limited to epider-
mis, mesothelium, and corneal epithelium (2). E-cadherin expression is restricted to
nonneuronal epithelial tissue (26). Loss of E-cadherin has been linked with the inva-
sive behavior of tumor cells (13,27,28), and elevated levels of soluble E-cadherin frag-
ments have been found in the circulation of patients with advanced stages of cancer (8).

Cadherins are synthesized as a precursor polypeptide which undergoes posttransla-
tional modifications to form a mature protein between 723 and 748 residues long con-
taining 3–5 internal repeats of approx 110 amino acids in the external domain (23, 29).
Repeats 1–3 each contain Ca2+ binding sites with the motif DxNDN or DxN, in addi-
tion to the highly conserved cluster, LDRExxxYxL (21).

The cytoplasmic domain of cadherin molecules characteristically binds to catenins,
which provide direct linkages to the actin cytoskeleton (e.g., via α- , β-, and γ catenins).
Catenins are essential for cadherin function and assist in the formation of the cell
junctions in epithelial cells that maintain cell polarity (3,28,30). A number of gene
products of the src proto-oncogene family have been reported to be expressed at
adherens junctions, and it has been suggested that these kinases may be associated
with cadherin phosphorylation and signal transduction (19,21,22).

1.1.2. Integrins
Integrins are nearly ubiquitous cell surface receptors for a wide variety of extracel-

lular matrix proteins, as well as for counter-receptor ligands on other cells (31,32).
They consist of a head domain containing a ligand-binding site, two spacer runs, and
usually short cytoplasmic domains. There are more than 20 distinct integrin subunits,
which are combined to form heterodimers that always consist of one α and one β
subunit (Fig. 2).

Fig. 1. Human E-cadherin structure. Mature cadherins are derived from a precursor by cleav-
age of the Pre-region. Each cadherin molecule has a number of cadherin repeats (EC1–EC4)
with integrated calcium binding regions. The cytoplasmic sequence that interacts with catenins
is highly conserved between cadherins.
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Genetic loss of almost any integrin subunit leads to disease or death, often during
embryonic development or near the time of birth (32–34). In addition, there is consid-
erable data implicating integrins in signaling pathways, transmitting signals both into
and out of cells (35–37).

The integrins bind to a wide variety of extracellular matrix proteins, including
fibronectin, fibrinogen, laminin, collagen, thrombospondin, and vitronectin. They may
also bind to members of the immunoglobulin superfamily. Most integrins bind to more
than one ligand and exhibit different specificities depending on the cell type in which
they are expressed. The existence of alternatively spliced variants differing in the ex-
tracellular domain may be important in altering ligand binding affinity.

The binding site for some integrins is an Arg-Gly-Asp sequence on extracellular
matrix proteins (38). Integrin binding is often inhibited by depletion of divalent cat-
ions. The cytoplasmic domains of both subunits also appear to be required for binding
to cytoskeletal components.

Integrin mediated adhesion generally requires activation of the receptor by specific
signals resulting in a conformational change that enables ligand binding. Ligand occu-
pation may then trigger a series of intracellular events.

Studies have also shown that the regulation of integrin function may involve phos-
phorylation of the β-subunit cytoplasmic domain (39). Serine and tyrosine phosphory-
lation on the β4 subunit and a number of other β subunits all possess potential tyrosine
phosphorylation sites. The α subunit cytoplasmic domain does not appear to be in-
volved in the role of ligand binding although it may be important in the translation of
signaling into subsequent cellular events (37,40).

Fig. 2. Human basic integrin structure showing the constitutive α and β subunits.
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It is of interest that multiple integrins that bind to the same ligand may be co-ex-
pressed on the same cell type. The apparent redundancy may be explained by the fact
that differing cellular responses may be affected by different integrin cytoplasmic do-
mains in response to common ligands. As such, the presence of variant cytoplasmic
domains on several integrin subunits may add even more versatility to intracellular
signaling processes.

1.1.3. Selectins

The selectins (Fig. 3) are represented by a group of three Ca2+-dependent carbohy-
drate binding proteins (E-, P-, and L-selectin), that are involved in the initial attach-
ment of flowing leukocytes to the blood vessel wall during the capture and rolling step
of the inflammatory adhesion mechanism. They are constructed from three types of
protein domain. At the C-terminal lies the lectin domain, similar to the Ca2+-depen-
dent configurations found in a range of proteins, including serum glycoproteins and
extracellular matrix proteoglycans. This is followed by a repeat, initially identified in
epidermal growth factor (EGF), with varying numbers of short consensus repeats simi-
lar to those found in complement-regulatory proteins (CRP domains) and a short cyto-
plasmic tail (41). Considerable data indicate that both the lectin and EGF domains are
directly involved in cell adhesion and may determine binding specificity (42). Mono-
clonal antibodies, which block selectin-mediated adhesion, map to the lectin domain
confirming the importance of this region. The role for the EGF-domain is unclear, as it
has been shown for E-selectin that deletion of this domain abolishes cell adhesion
(43). However, it may be required to maintain the structural conformation of the lectin
domain, although it may have a more direct role in the cell through recognition of a
ligand protein component (44). The role of the CRP repeats also remains unresolved,
although it has been suggested that they assist with counter-receptor interactions and
act by extending the lectin-EGF domain away from the cell surface and by increasing
molecular flexibility.

Fig. 3. Human E-selectin structure showing the location of the three types of protein domain.
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Recent studies suggest that the selectins are involved in some of the earliest events
leading to leukocyte extravasion. In regions of inflammation, leukocytes move towards
the capillary edge and begin to role along the endothelium. This has been demonstrated
in vitro and in vivo for both L- and P-selectin. A function with E-selectin in leucocyte
rolling has yet to be identified.

The rolling process requires an interaction between a receptor on the endothelial
cell and a counter-receptor on a transient leucocyte. This interaction is then broken
and the cycle repeated. Under these conditions, when cells are moving rapidly in rela-
tion to one another, it is the rate of reaction rather than the absolute affinity that may
be more important.

1.1.4. Immunoglobulin Superfamily
This group of adhesion molecules is the most abundant of cell surface molecules,

accounting for approx 50% of leukocyte surface glycoproteins. They function during
development and in the regulation of the immune system; activities that involve com-
plex interactions among a diverse array of cell types (45,46). They are multifunc-
tional, with the majority of molecules serving both as adhesion molecules and signal
transducers (47,48). Their structure is composed of repeated domains considered to
have evolved from a single ancestral unit. The basic motif is similar to that found in
immunoglobulins and contains between 70 and 110 amino acid residues organized
into two parallel β sheets (Fig. 4). The immunoglobulin domain has evolved by muta-
tion and selection to serve many different functions, although adhesion appears to be
its prime purpose (49).

With the exception of a few highly conserved residues, there is an enormous varia-
tion in the primary structure of these adhesion molecules, although the tertiary struc-
ture remains relatively constant. It has been proposed that this basic structure serves
as a template on which unique determinants can be displayed (49). This creates diver-
sity in domain interaction between individual members of this group; binding sites
can be localized to single domains or involve extended faces and multiple domains.

Fig. 4. Generalized structure of immunoglobulin superfamily.
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The sites can be located in N-terminal membrane distal domains or positioned inter-
nally. Studies have also located these sites in membrane proximal domains (50). As
such, molecules can interact using the N-terminal distal domains in a heterotypic
manner or by homotypic binding mediated by internal domains and requiring antipar-
allel alignment of interdigitated molecules (49,50). Quantitative studies have shown
that binding between individual immunoglobulin superfamily members generally of
low affinity although considerable adhesive strength can be effected through multi-
valent presentation (51).

1.1.5. Extracellular Matrix Proteins
As previously mentioned, the second broad class of adhesion molecules consists of

cell surface or extracellular matrix proteins that contain domains directly involved in
cellular adhesion. Nearly all matrix proteins including fibronectin, laminins,
vitronectin, collagens, and many other extracellular proteins contain such sites. These
proteins contain one or more cell-binding domains composed of a primary recognition
motif consisting of a short peptide sequence (e.g., Arg-Gly-Asp or Leu-Asp-Val) and
often a synergy site or other structural feature that substantially enhances receptor-
binding specificity and affinity.

One interesting aspect of their function involves their effects on adsorption or
attachment to a substrate. Molecules such as fibronectin and vitronectin circulate in
blood at relatively high concentrations (e.g., 100–300 µg/mL), yet binding to cell
surface receptors is relatively limited. On the other hand, even very low concentra-
tions of the same proteins (1–10 µg/mL) bind to substrates and then mediate strong
cell adhesion. This functional enhancement of binding of cells to molecules already
attached to a substrate has been ascribed to the activation of molecules such as
fibronectin and vitronectin by conformational changes. These changes may be the
result of binding to a substrate, to enhanced ability to interact with cells as a result of
multivalency, or to a physical chemical enhancement in free energy (overall avidity)
resulting from immobilization of a ligand. Whatever the mechanisms, it is clear that
the binding of extracellular adhesion molecules to substrates can enhance functional
activity, which appears to be important biologically to generate strong adhesion only
when a circulating ligand is immobilized. For example, in wounds, immobilized
fibronectin forms a crucially important provisional matrix that permits adhesion and
migration of cells to close the wound.

1.2. Adhesion Assays
As the name suggests, adhesion assays measure cell adhesion. However, because

adhesion is a complex process involving receptor-ligand binding, modulation of intra-
cellular signaling, and cytoskeletal modulation, these assays can also be a source of
information about other cellular events and a means of probing the contribution of
these processes to adhesion. In general, adhesion assays are used to test whether a
certain cell type can adhere to a specific adhesive substrate and to test the sensitivity
of a particular cell-substrate interaction to inhibitors.

There are two main types of cell adhesion assay and these may be used to quantitate
either cell attachment or spreading. Each assay measures different parameters of the
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adhesion process. Cell attachment assays generally determine the numbers of cells
that can attach to a substrate after a specific period of time, and cell spreading systems
gauge the percentage of cells showing spread morphologies on a specific substrate.

Both the spreading and attachment assays measure percent adhesion, and the level
of adhesion obtained depends on the cell type and adhesive substrate under study. In
spreading assays, a level of 80% should be anticipated, although higher levels can be
obtained; background level of spreading should be as low as possible. The level of
adhesion in attachment assays is usually not as high as for spreading, but 60–70%
should be attainable. The background level of attachment should also be as low as
possible in both types of assay.

The effective analysis of cell adhesion depends on the characterization of both
the cells and substrate in vitro. Cell–substrate adhesion assays are frequently used to
examine the ability of cells to attach to matrix molecules, such as collagen, fibronectin,
or laminin, and to determine which specific adhesion receptors are involved by using
antibodies or synthetic peptide inhibitors. The functions of cytoplasmic elements such
as cytoskeletal proteins and signaling molecules can also be evaluated with these
assays by using inhibitors of intracellular function.

A number of considerations will affect the decision to use a cell spreading assay or
a cell attachment assay. Spreading assays take longer to perform, but are less prone to
nonspecificity. For example, many molecules can mediate attachment of cells that
are not physiologically relevant, but very few of these molecules can mediate mor-
phological spreading. Importantly, by observing cells in a spreading assay, a lot of
information can be gained about the biological response of the cells to the substrate.
The morphology of cells can differ even if the percent spreading is the same. Addi-
tionally, now that signaling mechanisms that control cell morphology are better
understood, spreading assays can give indirect indications of the intracellular events
that are triggered by certain substrates. Spreading assays are more sensitive when
used to measure the inhibitory activity of an exogenous agent. The readout from the
spreading assay is more reliant on multiple adhesive interactions, and partial disrup-
tion by an inhibitor is sufficient to see a biological effect. A greater degree of recep-
tor blockade is probably needed to observe an inhibitory effect in an attachment assay.
Finally, as spreading assays do not need replicate wells, it is easier to construct de-
tailed dose-response curves.

Nonetheless, use of attachment assays is sometimes obligatory, because not all cells
are able to spread and because some cells only spread on certain substrates. It is mis-
leading to think that attachment assays measure single adhesive contacts; multiple
contacts are needed for a cell to withstand the washing steps in an attachment assay.
Nevertheless, fewer contacts are needed for attachment than for a cell to spread.

In this chapter, two semiquantitative assays for measuring cell adhesion to a sub-
strate are detailed. The first is a cell spreading assay in which adhesion is evaluated by
determining the percentage of cells that spread on a substrate, using microscopy to
count spread cells. The second assay quantitates cell attachment after washing out
nonattached cells, using a colorimetric assay to determine cell number. The relative
advantages of each of these widely used assays are compared.
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2. Materials

2.1. Spreading Assay
1. Cells of interest.
2. Adhesion molecule of interest, e.g., fibronectin, laminin, or collagen IV.
3. Phosphate buffered saline (PBS).
4. 96-well tissue culture plates.
5. Bovine serum albumin (BSA) or casein.
6. Ethylene glycol tetraacetic acid (EGTA) or trypsin/ethylenediaminetetraacetic acid

(EDTA).
7. Dulbecco’s modified Eagle medium (DMEM).
8. 3% Glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4.
9. 0.1% Sodium azide in PBS.

10. Microscope.

2.2. Attachment Assay
1. Cells of interest.
2. Adhesion molecule of interest e.g., fibronectin, laminin, or collagen IV.
3. PBS.
4. 96-Well tissue culture plates.
5. BSA or casein.
6. EGTA or trypsin/EDTA.
7. DMEM medium.
8. 10% Formaldehyde in PBS.
9. 0.1% Crystal violet.

3. Methods

3.1. Spreading Assay

In this protocol, cells are added to a microtiter plate coated with an adhesive mol-
ecule and are incubated to allow spreading. After the incubation period, all cells are
fixed with glutaraldehyde and the wells examined for the percent of cell spread using
morphological criteria and phase-contrast microscopy (see Note 1).

1. Dissolve the adhesion molecule in a suitable solvent and dilute in PBS prior to coating
microtiter plates (see Note 2). For adhesion to extracellular matrices or purified extracel-
lular matrix molecules a concentration of 1–20 µg/mL is usually adequate. If a nonmatrix
molecule or a complex mixture is to be tested, a higher concentration may be required
(see Note 3).

2. Add the diluted adhesion molecule (100 µL) to the appropriate wells of a 96-well, bacte-
riological grade microtiter plate (see Note 4). Let blank wells remain empty to allow the
measurement of background spreading on blocked plastic (see Note 5).

3. Incubate plates for 60 min at room temperature or overnight at 4°C. Time-course studies
have shown that there is substantial coating of proteins on plastic within an hour at room
temperature. This procedure allows the assay to be performed quickly. However, if the
adhesion molecule binds weakly to plastic, the wells can usually be dried onto the plastic
without detrimental effect.

4. After coating with adhesion molecule, block the wells for nonspecific attachment. Rinse
each well with PBS (3X, 100 µL) and 200 µL 0.2% BSA or casein solution added to each
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well. The plates should then be incubated for 45 min at 37°C and then washed extensively
with PBS (3X, 100 µL) (see Note 6).

5. While the plates are being blocked, a suspension of the cells to be examined can be pre-
pared by detachment from monolayer by means of treatment with 0.02% EGTA (a milder
chelating agent than EDTA). Freshly isolated cells from tissue can also be used, but
results are much more variable (see Notes 7 and 8).

6. Count cells using a hemocytometer, and resuspend at a population density of 105 cells/mL
in warm DMEM preequilibrated with 5% CO2 (see Note 9).

7. Aspirate the blocking solution and wash the wells with 100 µL PBS.
8. To determine spreading of specific cell types on given adhesion molecules, add 50 µL

PBS followed by 50 µL cell suspension to the appropriate wells. To examine the effects
of exogenous agents (e.g., antibodies, peptides) on spreading, add 50 µL of exogenous
agent followed by 50 µL cells. In this case, also add 50 µL PBS followed by 50 µL
cells to control wells (see Note 10).

9. Incubate at 37°C in a 5% CO2 incubator for 60–90 min. To ensure good spacing of cells,
lay the plate on a level surface and avoid excessive disturbance (see Note 11).

10. Aspirate medium and fix cells by directly adding 100µL of 3% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4, to each well and incubate for 30 min at room temperature.

11. Remove fixative and store cells in 200 µL PBS containing 0.1% NaN3.
12. Fixed assay plates can be stored at 4°C for several weeks protected from evaporation.
13. Using an inverted phase-contrast microscope, quantify percent spreading in each well by

counting three separate, randomly selected fields of 100 cells each. Use specific morpho-
logical criteria, such as a phase-dark cell body and cytoplasm that is visible around the
entire circumference of the nucleus, to identify cells with spread morphology. Alterna-
tively, image analysis software can be used to measure average cell area.

3.2. Attachment Assay

This procedure measures the attachment of cells to microtiter plates coated with an
adhesion molecule. After incubation, nonattached cells are removed and the remain-
ing cells fixed with formaldehyde, washed, and stained with crystal violet. The assay
is similar to the spreading assay just described.

1. Dissolve substrates in a suitable solvent and dilute in PBS. Prepare sufficient wells to
perform assays in triplicate or quadruplicate. Leave sufficient blank wells to determine
100% attachment at three cell concentrations and to determine background binding of
crystal violet to plastic (see Notes 1–3).

2. Incubate 60 min at room temperature or overnight at 4°C. Alternatively, the substrate can
be dried onto the plastic (see Note 4).

3. Rinse with PBS (3X, 100 µL) and block with 200 µL 0.2% BSA or casein solution added
to each well.

4. The plates should then be incubated for 45 min at 37°C and then washed extensively with
PBS (3X, 100µL) (see Note 6). Block wells for background crystal violet binding, but not
those for 100% attachment.

5. While the plates are being blocked, prepare a suspension of the cells by means of treat-
ment with 0.02% EGTA (see Note 8). Prepare a sufficient number of cells to perform
assays at least in triplicate. Determine cell density and prepare working cell suspensions
at 5 × 105 cells/mL in warm DMEM preequilibrated with 5% CO2 (see Notes 9 and 12).

6. Incubate for 10 min at 37°C with the lid off in a CO2 incubator.
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7. Aspirate the BSA solution from the plates and wash the wells with 100 µL PBS. To
estimate 100% attachment, dilute cells to 20, 50, and 100% of the working cell suspen-
sion using warm DMEM equilibrated with 5% CO2.

8. Add 50 µL PBS followed by 50 µL cells to uncoated wells (see Note 13).
9. Using cell dilutions and extrapolating the resulting graph is the most accurate way of

determining 100% attachment, as the absorbance value for 100% attachment with undi-
luted cells may be off the linear range of the plate reader.

10. To ensure good spacing of cells, guard against swirling, tapping, or shaking the wells
once cells have been added. In the author’s experience, a single pipeting of cells down the
side of the well and into the DPBS solution produces good dispersion (see Note 14).

11. To test attachment of specific cell types to given adhesion molecules, add 50 µL PBS
followed by 50 µL cells to the appropriate wells. To examine the effects of exogenous
agents on attachment, add 50 µL of exogenous agent followed by 50 µL cells. In this case,
also add 50 µL PBS followed by 50 µL cells to control wells (see Note 10).

12. Incubate 15–20 min at 37°C in a 5% CO2 incubator with the microtiter plate lid off (see
Note 15).

13. Fix cells only in the wells to be used for determining 100% attachment by adding 100 µL
of 10% formaldehyde in PBS. Remove nonadherent and loosely attached cells from
remaining wells by gently washing the wells with 100 µL PBS and cut-off pipet tips (see
Note 16).

14. Aspirate the final wash and fix attached cells by adding 100 µL of 4% formaldehyde and
incubating for 30 min at room temperature.

15. Wash wells three times with 100 µL water and allow to air dry.
16. Add 100 µL of 0.1% crystal violet solution to each well and incubate for 30 min at room

temperature.
17. Wash wells three times with 200 µL water and again air dry. Solubilize dye in 100 µL

acidified methanol and incubate with gentle agitation for 5 min at room temperature.
Measure absorbance at 570 nm using a microtiter plate reader. Subtract background crys-
tal violet staining from all experimental and 100% attachment results. Plot data from 20,
50, and 100% inocula and determine the value for 100% attachment by extrapolation. As
an alternative, cell number may be determined by MTT assay (see Chapter 14).

Notes
1. The major problem to be encountered in both assays is that cells may fail to adhere.

Many factors can lead to this, including coating plates with insufficient amounts of
adhesive substrate, using bad batches of adhesive substrate, using poor protein-binding
plates, using cultures that are growing poorly or that have a mycoplasma infection,
having variations in pH during adhesion, and (for attachment assays) overwashing.

2. It is important to remember that the handling of adhesion molecules prior to dilution
varies; some molecules (for example, fibronectin) are best thawed quickly at 37°C, while
others (for example, laminin) are best thawed over night at 4°C. Occasionally, it may be
necessary to measure adhesion of cells to peptides rather than to proteins. In this case,
peptides may be conjugated to inert protein carriers in order to permit more efficient
immobilization

3. The concentration of adhesion molecule required for coating depends on a number of
factors, including the size of the molecule, the efficiency with which it coats plastic,
and the apparent affinity with which it is bound by cellular receptors. In most cases,
spreading assays are used to measure the adhesion of cells to extracellular matrices or
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purified extracellular matrix molecules. The key components of such matrices are usu-
ally large macromolecules that coat plastic relatively well; they are also bound with at
least moderate affinity by cells. For these reasons, a concentration range between 1 and
20 µg/mL is usually adequate, although it is advisable to carry out a range-finding
dose-response experiment before focusing on a narrow range. If a nonmatrix molecule
or a complex mixture is to be tested, a higher concentration should be used.

4. Tissue culture plates are not ideal for spreading and attachment experiments as these
plates may enhance the nonspecific attachment of cells. Bacteriological grade plates are
preferable although these plates may be more difficult to coat with protein substrate.

5. There is generally no need to carry out spreading assays with replicate wells, as quantifi-
cation is normally performed by counting multiple fields from within the same well.

6. The time can be varied at this step; 45 min is probably the minimum time for efficient
blocking of plastic, but longer times are not detrimental. Even overnight blocking at 4°C
may also be used although this increases the possibility of substrate leaching.

7. For cell spreading assays, an important parameter is the health of the cells. Cultures should
be actively growing, but should have been passaged >24 hr previously. Relatively poor
spreading responses have been observed in cells that were passaged the day before a
spreading assay.

8. Trypsin, EDTA, or trypsin/EDTA solutions may also be used to detach adherent cells
although the cells may require a period of recovery prior to assay. It is important to guard
against clumping or aggregation of cells during centrifugation and resuspension.

9. For most cells, this density prevents cells added to the microtiter plate from aggregating.
If cells contact each other, substrate-dependent adhesive effects can be altered; on the
other hand, if cells are too sparse, quantification becomes difficult.

10. When cells and PBS are combined in the coated well, it is important that the DMEM/PBS
mixture has the opportunity to equilibrate as rapidly as possible with CO2 in order to
reestablish the buffer system.

11. A number of adhesion studies have focused on divalent cation-dependence, particularly
when integrins are involved. Calcium, magnesium, and manganese ions are the most fre-
quently studied. It is worth noting that manganese ions will precipitate phosphate from
PBS. Therefore, in the presence of manganese, HEPES-buffered saline should be used in
place of PBS.

12. Use pipet tips that have their ends cut off for attachment assays. This helps to prevent
coated proteins and/or cells from being washed off directly by a fine stream of liquid.

13. Cells can also be plated on poly-L-lysine-coated plastic to determine 100% attachment.
14. For attachment assays, the key parameter is the washing protocol. When washing unat-

tached cells, different cells respond differently to tapping and washing, and it is recom-
mended to vary the number of tapping or washing cycles to obtain the best signal-to-noise
ratio (i.e., attachment to an adhesive substrate compared to attachment to BSA-blocked
plastic). Cut-off pipet tips are particularly important at this stage to avoid removal of
attached cells. More specific problems include clumping of cells either in the center of a
well or around the perimeter (which may be caused by swirling the plate). In addition,
large errors in attachment assays can result from inaccurate pipeting, which can come
from the use of multichannel pipets, or suboptimal washing of wells.

15. The incubation time for attachment assays may need to be adjusted depending on the cell
type, as some cells adhere more quickly than others.

16. This is the most critical stage in an attachment assay, and needs to be optimized for each
cell type used.
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Radial Monolayer Cell Migration Assay

Michael E. Berens and Christian Beaudry

1. Introduction
Cell migration underlies fundamental features of embryonic development, wound

healing, immune cell trafficking, and pathological processes such as cancer metastasis
(1–3). Techniques that assess the biochemical and molecular mechanisms of cell migra-
tion afford insight into normal biological processes and the underpinnings of pathology.

The following technique describes a method by which cell migration can be simply,
reproducibly, conveniently, and affordably investigated (4). The method involves guided
deposition of cells to a predetermined circular location on a defined substrate of the
investigator’s choosing or construction. Once deposited, analysis of the rate of radial
dispersion of the cells enables assessment of cell locomotion response to a solid sub-
strate (haptokinesis), directional movement along a gradient of substrate (haptotaxis),
movement towards or away from a soluble factor (chemotaxis), and locomotion changes
coincident to different concentrations of soluble factors (chemokinesis) (5–7).

The platform of the assay is a modified microscope slide that enables subse-
quent immunostaining of the migrating cells for epitopes of interest, including
adhesion molecules (8), signaling cascade mediators (9), cytoskeletal components
(10), and cell-derived matrix proteins (11). Modulation of the migrating cells by
treatment with pharmacological agents (12), antisense oligonucleotides (13) and
antibodies (14,15) is readily achieved in this small-volume assay system. Washout
studies can be performed to determine recovery after treatment removal or to fol-
low pulse-chase changes. Multiple phenotypic endpoints can be measured in the
same system, including migration, proliferation (16), gene expression (17,18), bio-
chemical colocalization, and morphological correlates (19). Conventional upright
epifluorescent microscopy and confocal microscopy can be employed following
immunofluorescent staining for detailed assessment of colocalization of biochemi-
cal determinants of cell movement in the context of provoked cell response to
taxis or kinesis treatments. Guided cell sedimentation of target cells onto anatomi-
cal structures from cryostat sections (20), onto monolayers of other cell types (21),
or onto cell-derived complex extracellular matrices are readily accomplished (22).
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2. Materials
All the materials used in this protocol can be obtained from commercial sources.

1. Cell Sedimentation Manifold (CSM), sterilized and stored at 4°C (Creative Scientific
Methods, Phoenix, AZ, www.cre8ive-sci.com), or custom glass cell sedimentation cylin-
ders (see Note 1).

2. Manufactured silicone suspension pads (Creative Scientific Methods).
3. Teflon-printed microscope slides, sterilized by autoclave prior to use (Creative Scientific

Methods).
4. Glass microscope slides, sterilized by autoclave prior to use.
5. Media appropriate to cell line.
6. 1X Phosphate-buffered saline (PBS), pH 7.4.
7. Bovine serum albumin (BSA).
8. Sterile water.
9. Surface treatment or protein coating (extracellular matrix) (see Notes 2 and 3).

10. 150-mm diameter Petri dish.
11. 35-mm diameter Petri dish.
12. 0. 2–2.0 µL and 40–200 µL Pipets

3. Methods
All manipulations must be executed in a sterile environment.

3.1. Sterilization of the Materials
1. Package the Cell Sedimentation Manifold in autoclave bags. Steam autoclave the mani-

fold for 1 h to sterilize. Store at 4°C until ready to use.
2. Package the Teflon-masked and plain slides in autoclave bags. Steam autoclave the slides

for 1 h to sterilize. Store at room temperature until ready to use.

3.2. Assembly of the Migration Assay
1. Place the slide in a 150-mm diameter Petri dish (capillary force created by adding a drop

of water under the ends of the slide will prevent the slide from moving). Using the surface
coating of choice, add 20 µL onto each well then incubate 1 h at 37°C.

2. After coating, rinse the wells with three changes of PBS. Block nonspecific binding sites
with 0.1% BSA in PBS for 30 min at 37°C. Rinse twice with PBS and fill the wells with
40–50 µL of PBS and store at 4°C until ready to use.

3. Harvest the cells from culture according to standard protocols. Adjust cell concentration
to approx 2000/µL (2 × 106/mL). Optimal cell concentration may vary depending on the
cell type. Keep cell suspensions on ice.

4. Aspirate PBS from each well, pipet 40–50µL of media of choice onto each well. Care-
fully set the prechilled (4°C) CSM onto the Teflon-printed slide. Verify that the side
ridges of the CSM rest over each side of the slide. Keep the slide with CSM in a 150-mm
diameter Petri dish.

5. It is important to ensure that no air bubbles reside in the channels, which would prevent
cells from falling through the channels onto the slide. Using a 0. 2–2.0-µL pipet with a
sterile tip, place the empty tip vertically into the top of each channel, then carefully and
slowly aspirate 2 µL of media up into each channel of the CSM, checking that media has
filled each channel.

6. Slowly, place 1 µL of the cell suspension into each channel using a 0.2–2.0-µL pipet
with a sterile tip held vertically. Be sure to avoid injecting an air bubble into the chan-
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nels (see Note 4). The cells must be carefully deposited into the channel opening. If the
cells are injected too quickly into the channel, cells will disperse out of the bottom and
become unusable for migration studies. Be sure to repeatedly resuspend the cell sus-
pension before loading into channels and several times during use (see Notes 5 and 6).

7. Place the slides with CSM into a 37°C, 5% CO2 tissue culture incubator for several hours
to overnight to allow cell attachment. Place a 35-mm Petri dish filled with sterile water
without a cover into the Petri dish to ensure 100% humidity.

8. After verifying cell attachment (see Note 7), gently remove the manifold and refeed each
well very gently with appropriate solution using a 40–200-µL pipet with a sterile tip.

3.3. Assessment of Cell Migration
1. To prevent wells from drying and to facilitate optical imaging, a glass microscope slide

can be used as a suspended cover slide. The cover slide can be mounted onto the Teflon-
coated microscope slide using manufactured silicone suspension pads, which fit over the
ends of the Teflon-coated slide and serve to suspend the cover slide 1 mm above the cell
surface. This cover slide can be removed to allow treatment of the migrating cells or to
enable media changes or pulse chases, for example.

2. Cell migration can be measured or monitored by inverted microscopy (see Fig. 1). Serial
measurements of the diameter/radius of the seeded population allow assessment of the
specific lateral movement (migration) of the cell population (see Fig. 2). Recommended
compatible equipment can be used to assess serial measurements (see Note 8).

Fig. 1. Photomicrographs of SF767 human glioma cells on 0. 1% BSA (A,B) and on 10-
µg/mL laminin (C,D). Images shown in A and C were captured immediately after the CSM
manifold had been removed. Images shown in B and D are images of the cells shown in A
and C captured 24 h later.
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3. After the migration has been followed for the desired time period, the cells can be fixed
and processed for microscopic evaluation by numerous techniques (immunofluorescence,
in situ hybridization, or conventional staining, for example).

4. Notes
1. Custom glass cell sedimentation cylinders can also be used for depositing the cells onto

the slides. The cylinders can be created by sectioning a 1-mL glass pipet into 0.5-cm
segments. The cylinders are placed in the center of each well and filled with appropriate
media. Cells are carefully deposited into the cylinders. Chicoine and Silbergeld adopted
conventional 5-mm cloning rings to sediment cells at precise locations (23), and Akiyama
et al. produced metal devices to accomplish the same outcome (24). From a logistical
view, the smaller the circle of cells, the greater the fraction of perimeter, migration-unim-
peded cells.

2. The extracellular matrix (ECM) proteins used for coating the slides can be reused (≤ 2×).
Simply aspirate the protein solution that is left on each well using a 40–200-µL pipet and
dispense in an appropriate tube.

3. Cell-derived ECM can also be used for coating the Teflon-masked slides. The cells use to
generate the ECM are grown on the slides in appropriate media to postconfluence. Cells
are removed by treatment with 0.5% Triton X-100 for 30 min at room temperature (RT),
followed by 0.25 M NH4OH 3–5 min at RT and thoroughly rinsed with PBS (25). The
slides are stored at 4°C until ready to use.

4. Injecting air bubbles into the channels can be overcome by simply overfilling the pipet
with cells (1.3 µL) and expressing only to the first stop on the pipet.

5. This assay required a small number of cells, which is amenable to primary cultures.
6. Adherent cells or nonadherent cells that have been activated to adhere can be used in this

system (Fig. 3).

Fig. 2. Graph showing the radius increase of SF767 human glioma cells shown in Fig. 1.
Cells seeded on 10-µg/mL laminin show a rapid radius increase over time compared to cells
seeded on 0.1% BSA. Values represent a single data point. Typically, replicate measures are
within 10% errors.
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7. Cell attachment interval varies with the ECM proteins used for coating the slides and
with the cell type. Some cells (i.e., endothelial) perform very poorly if the system is
cold (below RT).

8. A macro used to assess serial migration measurements can be downloaded from the
Creative Scientific Methods website at www.cre8ive-sci.com. Recommended compat-
ible equipment can also be found on the Website (i.e., Scion Image software, LG-3
frame grabber).
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Invasion and Motility Assays

William N. Scott

1. Introduction
A key feature of malignant cells is their capacity to invade surrounding tissue and

metastasize to distant sites (1,2). The process of metastasis involves a complex series
of events that include cell transformation and proliferation, vascular invasion at pri-
mary growth site with associated basement membrane degradation, transport through
capillary or lymphatic vessels, attachment of tumor cells to endothelial or subendothe-
lial structures at the secondary site, and the subsequent growth of the secondary tumor
mass (3).

In order to metastasize to different organs, tumor cells must acquire a number of
highly differentiated characteristics that define the metastatic phenotype. None of the
functions of metastasizing cells are unique to cancer since they can be demonstrated in
trophoblast implantation, mammary gland involution, embryonic development, and
tissue remodelling (4). The difference between the normal processes and the nature of
cancer invasion is basically one of dysregulation and can be attributed to high muta-
tion rates and genetic instability (3).

This high mutation rate assists in the development of clonal populations with meta-
static capabilities, and for most tumors the neoplastic element must expand consider-
ably before invasion and metastasis can occur (5,6).

Several studies have compared the similarities between metastasis and the responses
of inflammatory cells, an essential component of both being the recruitment and mi-
gration of cells through basement membranes and connective tissues. In inflamma-
tion, the migration is initiated by bacterial or complement-mediated signalling; in
metastasis the response is less well defined.

1.1. Models of Invasion and Motility
Major emphases on cancer invasion motility have focused on in vivo models in

which tumor cells are injected intravenously or subcutaneously into mice and the
number of metastases determined (7–9). However, the procedure is relatively expen-
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sive and is not well suited to rapid screening of potential antiinvasive or motility-
inhibiting agents.

Alternatives to this invasion model have been developed using modifications of the
Boyden chamber (see Fig. 1), where a porous membrane is interposed between cells
and potential attractants; the membrane can be precoated with extracellular matrix
components to give a more accurate reflection of the in vivo process.

Similarly, a number of assays exist for the determination of cell motility and these
have evolved from models primarily designed to measure the chemotactic response of
leukocytes and other inflammatory cells. Procedures are detailed for the relative
quantitation of these key metastatic events.

2. Materials
2.1. Invasion Assay

1. Cells of interest.
2. Extracellular matrix component, e.g., collagen IV, laminin, or fibronectin.
3. Cell culture medium: Dulbecco’s modified Eagle’s medium (DMEM) containing 10%

fetal calf serum (FCS).
4. Transwell systems (8.0-µm pore size; Costar).

2.2. Cell Motility Assay
1. Cover slip (22 × 22 mm).
2. 5% Detergent (7X ; ICN Biomedicals, High Wycombe, UK).
3. Ethanol.
4. Gelatin.
5. Na2CO3.
6. AuHCl4.
7. 0.1% Formaldehyde solution.
8. Petri dishes.
9. Cells of interest.

10. Cell culture medium: DMEM containing 10% FCS.

Fig. 1. Modified Boyden chamber system for the in vitro determination of cell invasion.
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11. 3% Glutaraldehyde in cacodylate, pH 7.2.
12. Microscope with phase-contrast objectives and imaging software.

3. Methods
3.1. Invasion Assay

1. Coat the upper surface of a 24-well transwell system (8-µm pore size) with 250 µL/well
of cell attachment matrix (30 µg/mL) (e.g., collagen IV, fibronectin, or laminin) and
allow to incubate overnight in a laminar air flow cabinet.

2. Aspirate off excess solution and allow to air dry. UV sterilize, then add chemo-attractant
to the lower well if required.

3. Inoculate the upper well with approx 2.5 × 103–104 cells and incubate for 12 h. Count
cells in upper and lower chambers (see Note 1).

3.2 Cell Motility Assay
This assay is based on the principal that migrating cells ingest, push aside, or col-

lect small particles in their path on their dorsal surface. Quantification of cell migra-
tion may be achieved using computer-assisted image analysis. Basically, glass surfaces
are coated with particles of colloidal gold embedded in serum proteins. Cells are then
seeded onto the gold monolayers and as the cells migrate, a clear, particle-free
phagokinetic track is formed leaving a permanent record of their movement. Varia-
tions of the assay have been used in studies of the movement of a wide spectrum of
cell types including fibroblasts (10), neutrophils (11), keratinocytes (12), and endot-
helial cells (13).

As such, the method provides a relatively inexpensive and reproducible screen for
studies requiring an index of cell migration as an end-point.

1. Remove grease from cover slip (22 × 22 mm) by treating in 5% phosphate free detergent
(at 100°C) and washing in alcohol.

2. After drying, immerse in gelatin solution at 90°C for 10 min (300 Bloom; 0.5 g in 300 mL
distilled H2O) and place in a 70°C oven for 45 min (see Note 2).

3. Prepare colloidal gold suspension by adding 11 mL distilled H2O and 6 mL Na2CO3

(36.5 mM) to 1.8 mL AuHCl4 (14.5 mM) in a 50-mL glass beaker.
4. With constant stirring, heat the mixture to 95°C at which point add 1.8 mL of freshly

prepared 0.1% formaldehyde solution; maintain temperature at 95°C. A suspension of
colloidal gold will form which is brown to absorbed light and blue to transmitted light.

5. Allow the gold suspension to cool to 75°C and add 3 mL to Petri dishes containing indi-
vidual gelatin coated cover slip. Incubate the plates at 37°C for 45 min.

6. After washing with calcium-free saline (3 × 4 mL) to remove unattached gold particles,
transfer the cover slip to 6-well cluster dishes and UV sterilized in 0.3 mL culture media.

7. The cover slip should remain in this media until required for assay in order to prevent
drying of the prepared surface (see Note 4). Using these prepared gold monolayers, the
migration of various cell types in response to external influences can be readily monitored.

8. Seed the cells in culture medium (2 mL DMEM containing 10% FCS) onto the prepared
cover slip at an approximate density of 5 × 103 cells per well in media.

9. Allow the cells to plate down for 2 h at 37°C after which the treatments may be added in
a further 2 mL culture media.

10. Assay systems should then be maintained for approx 18 h, after which the cells can be
fixed using 3% gluteraldehyde in cacodylate buffer, pH 7.2 (see Note 5).
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11. After mounting, cover slips are best examined using a phase contrast microscope and
imaging software. We routinely use a Leica DM1RB phase contrast microscope and
Q500MC image analysis system incorporating a JVC TK-1280E color camera (Leica,
Milton Keynes, UK). The track images of at least 30 cells are video-captured and the area
(representing migration response) determined for each. Representative tracks are detailed
in Fig. 2.

Fig. 2. Motility tracks of SK Hep-1 endothelial cells (14) showing: (A) basal rate motility;
(B) inhibition of motility in response to mEGF(33–42), a peptide derived from the C-loop of
murine epithelial growth factor (EGF); and (C) stimulation of motility by Lam.β1 (925–933)
from the β1 chain of murine laminin-1. Both peptides were added to give a final concentration
of 500 nM. Bars represent 10 µM.
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4. Notes
1. The chemoattractant should normally be added at tenfold its optimal concentration. This

assay may also be used to determine the effects of competing inhibitor, which can be
incorporated into the attachment matrix or as a media additive. A longer time interval
may be needed

2. Individual drying times may vary depending on the oven used; it is essential that the
gelatin coating is not allowed to totally dehydrate but forms a gel rather than a thin film.

3. It is important that triple glass-distilled H2O be used in the preparation of all reagents
used in this assay.

4. It is recommended that the protocol be adhered to with regard to all volumes and tempera-
ture settings in order to ensure an even coating of gold colloid. The method does not
allow for compromise. Prepared cover slips should be used immediately and not stored.

5. Individual seeding densities and incubation times should be optimized for each cell type
under investigation.
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Identification of Senescence in Cancer Cells

Lesley J. Jardine

1. Introduction
1.1. Senescence as a Tumor Suppressive Mechanism

Senescence is thought to be a programmed response to protect cells from DNA
damage by preventing cell cycle progression under stress conditions (1). The prolonged
arrest associated with senescence limits the number of mutational hits required for
tumorigenesis, supporting a role for senescence as a tumor suppressive mechanism.

Replicative senescence was initially identified in human diploid fibroblasts and
shown to have a limited number of genetically determined cell divisions in culture (2).
When the critical number of cell divisions is reached the cell undergoes changes in
morphology and gene expression and permanently stops growing with a characteristic
senescence-like phenotype (3). Replicative senescence is associated with a decrease in
the length of the protective caps (or telomeres) at the ends of chromosomes. Addi-
tional repeats are added to the telomeres by an enzyme called telomerase; however, in
normal somatic cells telomerase is inactive and the telomeres shorten with each cell
division, as a result of under replication. Upon reaching a critical telomere length the
cells enter senescence (4). Tumor cells can overcome this mitotic clock and escape
senescence by reactivating telomerase (5).

Primary cells in culture can be induced into a senescence-like arrest after extensive
passaging or under conditions of cellular stress induced by ionizing radiation (6), DNA
damaging drugs (7), and activated oncogenes such as ras and raf (8,9). This stress-
induced senescence occurs more rapidly than replicative senescence and appears to be
independent of telomere shortening; moreover, reintroduction of telomerase activity,
by overexpression of a catalytically active subunit of telomerase (hTERT), allows cells
to escape from replicative senescence but not from ras-induced senescence (10,11).

Of particular interest is that some tumor cells have retained a number of the ele-
ments required for senescence growth arrest and when treated with anticancer drugs
can be induced into a senescence-like growth arrest (12–14).
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1.2. The Senescence-Like Phenotype (SLP)

The downstream responses of replicative and stress-induced senescence are pheno-
typically similar. Cells entering senescence become large, flat, and more granular in
appearance. A number of senescent cells are also positive for senescence-associated
β-galactosidase activity detected at pH 6.0 (15).

Senescent cells are permanently growth arrested at G1 and remain metabolically
active; however, they fail to enter S phase in response to mitogenic stimuli. Senescent
cells, therefore, can be identified in culture by a lack of DNA synthesis under optimal
growth conditions, distinguishing senescent cells from quiescent or terminally differ-
entiated cells. A number of senescent cell lines, including human fibroblasts, also show
resistance to apoptosis.

Another characteristic feature of senescent cells is the change in gene expressison
of a number of cell cycle inhibitory proteins seen in gene expression. Both replicative
and stress-induced senescence have been shown to require p53 activation (16) and the
cyclin-dependent kinase inhibitors p21 (17) and p16, (18) as well as other members of
the p16/pRB and the p53/ARF pathways. Moreover, tumor derived cell lines have
been shown to enter a senescence-like growth arrest after overexpression of the cell
cycle inhibitory proteins p53, p21, and p16 (19–21).

1.3. Induction of Senescence in HCT116 Colon Cancer Cells

As an example of cells showing the characteristic SLP this chapter will focus on the
induction of senescence of HCT116 colon cancer cells that express wild type p53.
Upon treatment with the senescence-inducing agent SN38, a DNA topoisomerase I
inhibitor, the cells enter a senescence-like growth arrest (14).

2. Materials

2.1. Cell Line

Cell line of interest, for example, HCT116 colon cancer parental cell line that
expresses wild type p53 (from B. Vogelstein) is maintained in RPMI 1640 supple-
mented with 10% heat inactivated fetal bovine serum (FBS) and 100 U/mL penicil-
lin/streptomycin (all from GIBCO Life Technologies). The cells are incubated at 37°C
with 5% carbon dioxide in a humidified incubator.

2.2. Cell Staining
1. Paraformaldehyde (4%): 4% (w/v) Paraformaldehyde in phosphate-buffered saline (PBS)

heated to 60–80°C in a covered container; stir until it dissolves to give a clear solution.
Adjust to pH 7.2–7.4; when cool, filter and store at –20°C for up to 1 mo in aliquots.
Paraformaldehyde is harmful by inhalation and contact with the skin.

2. PBS: 137mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2.
3. X-Gal: 20 mg/mL stock 5-bromo-4-chloro-3-indolyl βD-galactoside (X-Gal) (Sigma)

made up in dimethylformamide (DMF); store at –20°C protected from light.
4. β-Galactosidase stain: 1 mg/mL X-Gal, 40 mM citric acid/sodium phosphate, pH 6.0, 5

mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl2. Make up the stain fresh and
protect from light.
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2.3. BrdU Cell Proliferation Assay
All the reagents used for this BrdU cell proliferation assay were obtained from

Oncogene Research Products.

2.4. Western Analysis
1. Lysis buffer: 50 mM Tris-base, pH 7.5, 5 mM ethylenediaminetetraacetic acid (EDTA),

150 mM NaCl, 0.5% (v/v) NP-40, nonylphenol ethoxylate (IGEPAL); can be stored at
room temperature. Add fresh 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 µg/mL
aprotinin and 5 µg/mL leupeptin prior to use.

2. SDS sample buffer: 62.5 mM Tris-base, pH 6.8, 2% (v/v) SDS, 10% (w/v) sucrose, 0.002%
(w/v) bromophenol blue, 25% (v/v) β-mercaptoethanol. Store at –20°C in 1-mL aliquots.

3. Electrophoresis running buffer: 25 mM Tris-base, 190 mM glycine, 3.5 mM sodium
dodecyl sulfate.

4. Transfer buffers: 25 mM Tris-base, 190 mM glycine.
5. TNET: 10 mM Tris-base, pH 7.5, 2.5 mM EDTA, 50 mM NaCl, 0.1% Tween-20.
6. Blocking solution: 5% powdered milk in TNET.
7. Antibodies: p53 monoclonal antibody (Ab-6) at 1/1000 dilution and p21 monoclonal anti-

body (Ab-1) at 1/1000 dilution from Oncogene Research Products. Actin monoclonal
antibody (Calbiochem) at 1/80,000 dilution. Secondary antibodies, horseradish peroxi-
dase (HRP)-conjugated specific for mouse and rabbit antibodies (Calbiochem).

3. Methods
3.1. Morphology of the Senescent Cells

Induction of senescence shows a number of characteristic morphologies that can be
observed with a light microscope.

1. Seed cells into six-well plates at a low density and treat with the senescence-inducing
agent (see Note 1). In the experiment shown in Fig. 1 the HCT116 cells are treated with
SN38 (Aventis) at IC80 concentration of 6 nM for 24 h.

2. Replace with fresh media and incubate cells at 37°C.
3. The morphology of the cells starts to change at day (d) 5 post-drug treatment (see Note 2);

as the cell size increases they become flattened and a more granular appearance can be seen.

3.2. Acidic β-Galactosidase Staining
A biomarker for cells in senescence is acidic β-galactosidase activity, which can be

detected in senescent cells by X-Gal and forms a local blue precipitate when cleaved
(15). This activity is cell type specific and not all cells that enter senescence will show
positive staining.

1. Seed cells at a low density into six-well plates and treat with senescence-inducing agent
(see Subheading 3.1.1.).

2. Post-drug treatment: wash the cells twice with PBS and fix with 4% paraformaldehyde in
PBS for 5 min at room temperature.

3. Wash the cells twice with PBS and incubate with β-galactosidase stain at pH 6.0, over-
night at 37°C without CO2 (see Notes 3 and 4; Fig. 1).

3.3. Bromodeoxyuridine (BrdU) Cell Proliferation Assay
To confirm lack of proliferation in senescent cells an assay can be used that mea-

sures newly synthesized DNA in dividing cells. There are a number of assays avail-
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Fig. 1. Induction of the senescence-like phenotype in HCT116 cells after exposure to SN38.  HCT116 cells were treated with either DMSO
used as the drug carrier (A) or SN38 6nM (B,C) for 24 h before incubation in fresh media. Samples were taken at various times post-drug
treatment and the cells fixed and stained for senescence-associated β-galactosidase activity. Note the enlarged granular phenotype and positive
β-galactosidase staining which can be seen initially at d  5 post drug treatment (B) and more evident at d 11 shown in (C).
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able and the method described here is a nonisotopic immuno cell proliferation assay
from Oncogene Research Products. Add BrdU to the cells and any cells that are divid-
ing will incorporate the BrdU into their newly synthesized DNA. This in turn is
detected by an antiBrdU antibody. A secondary antibody, which is conjugated to HRP,
is added and binds to the primary antibody. The HRP-conjugated antibody catalyzes a
colorimetric reaction that is proportional to the amount of incorporated BrdU in the
cells and therefore a measure of DNA synthesis.

1. Seed cells at 1.5 × 105 cells per milliliter in a final volume of 100 µL in a 96-well culture
dish and incubate overnight to allow the cells to adhere to the dish.  Each sample is
assayed in triplicate and control samples include a blank (no cells) and background (cells
without BrdU).

2. Treat cells with senescence-inducing agent for the appropriate time (Fig. 1).
3. Take samples post-drug treatment at various times and assay for BrdU activity.
4. Dilute the BrdU label 1/2000 in media, add 20 µL to each well and incubate for 24 h at

37°C.
5. Replace the BrdU label with 200 µL of Fix/denaturing solution for 30 min at room tem-

perature and remove by inverting the plate.
6. Dilute the BrdU antibody 1/100 in dilution buffer and add 100 µL to each well for 1 h at

room temperature.
7. Wash each well 3 times with wash buffer, inverting the plate after each wash to remove

buffer.
8. Dilute the secondary antibody (anti-mouse IgG HRP conjugated) in conjugate diluent and

add 100 µL to each well for 30 min.
9. Wash the wells three times with wash buffer and one time with dH2O.

10. Remove the dH2O and add 100 µL of substrate solution to each well and incubate for 15
min at room temperature in the dark.

11. Add 100 µL of stop solution to the wells and measure absorbance at 450–540 nm.

3.4. Western Blot Analysis to Identify Senescence-Regulated Proteins
In order to identify senescence-regulated proteins, lyse the cells post drug treat-

ment and separate by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), transfer to a PDVF membrane, and probe with antibodies specific to the
protein of interest.

1. Seed cells in a 60-mm cell culture dish and grow until 50% confluent.
2. Treat cells with senescence-inducing agent for the appropriate time.
3. Post drug treatment, wash the cells with ice cold PBS.
4. Remove the PBS and add 500 µL of ice cold lysis buffer, remove the cells into a 1.5-mL

Eppendorf using a cell scraper.
5. Place the lysis solution on ice for 30 min with occasional vortexing to ensure cell lysis is

complete.
6. Centrifuge the lysed cells at 8000g for 15 min at 4°C to pellet the cell debris.
7. Transfer the supernatant to a clean 1.5-mL Eppendorf tube and keep on ice.
8. Measure the concentration of cellular protein using the Bio-Rad Protein Assay solution.
9. Resolve the cellular proteins by SDS-PAGE using a 10% polyacrylamide gel and transfer

onto a polyvinylidene fluoride (PVDF) membrane.
10. Soak the PVDF membrane in blocking solution for a minimum of 1 h and rinse with

TNET solution.
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Fig. 2. Detection of senescence induced proteins p53 and p21 after treatment with SN38 in HCT116 cells. HCT116 cells were treated with
either DMSO, the drug diluent, shown in (A) or SN38 6 nM (B) for 24 h before incubation in fresh media. Samples were taken for Western blot
analysis at various times post drug treatment (indicated) and probed with antibodies specific for p53 and p21. Actin was used as a loading
control.
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11. Dilute the primary antibody in TNET solution and add to the membrane for 1 h with
shaking or at 4°C overnight (see Note 5). The primary antibodies used in Fig 2. are spe-
cific for p53 and p21 and actin.

12. Wash the membrane three times with TNET shaking for 10 min each time.
13. Dilute the secondary antibody (HRP-conjugated) in TNET solution and add to the mem-

brane for 1 h with shaking.
14. Wash the membrane quickly with TNET and then three times with TNET shaking for 10

min each time.
15. Add enhanced chemiluminescence (ECL) reagents for 1 min to the membrane and expose

to film for an appropriate time (between 5 sec and 10 min).
16. To demonstrate this, HCT116 cells were treated with SN38 at 6 nM for 24 h. Samples

were taken post drug treatment at the times shown and probed with antibodies specific for
p53 and p21 (Fig. 2).

4. Notes
1. In order to see the change in morphology the cells should be cultured at a low confluency.

The effects of passage number must be taken into consideration when assaying the affect
of premature senescence in primary cells. Examples of senescence-inducing agents would
include ionizing radiation, DNA damaging drugs, or overexpressed oncogenes.

2. The senescent phenotype is evident after approx 5 d post drug treatment when a small
percentage of the cells show a characteristic SLP. By d 11 post drug treatment approxi-
mately all of the cells are positive for SLP (see Fig. 1).

3. The endogenous β-galactosidase activity can only be detected when the β-galactosidase
staining solution is at pH 6.0. The blue staining is evident after 4 h but maximal at 12–16
h.  Lysosomal β-galactosidase activity can be detected at pH 4.0. Presenescent and senes-
cent cells stain equally well for this.

4. Tissue samples can also be used to identify cells staining positive for β-galactosidase
activity. Sections of the tissue samples should be frozen, mounted with Tissue-Tek opti-
mal cutting temperature (OCT) medium, and thin sections cut and mounted onto glass
slides. Fix in 1% Formalin in PBS for 1 min at room temperature before washing with
PBS. Add the β-galactosidase stain overnight and counterstain with eosin.

5. Antibodies used for Western blotting can be stored at 4°C and reused for multiple Western
blots. If the antibody of interest has high levels of background staining 5% powdered milk
can be added to the primary antibody dilution in TNET. In addition to this 5% powdered
milk can be added to the TNET washes after primary and secondary antibody binding.
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Angiogenesis Assays

William N. Scott

1. Introduction
Considerable data on the mechanisms of angiogenesis and neovascularization form

the basis for clinical interventions aimed at both inhibiting and promoting vessel
growth. Antiangiogenic therapy is desirable in proliferative diabetic retinopathy and
in some forms of macular degeneration, as well as being an alternative mode of antitu-
mor therapy (1). In contrast, proangiogenesis is directed towards the formation of new
vessels or collaterals. This outcome is desirable in disorders characterized by tissue
ischemia, such as myocardial infarction or peripheral vascular disease (2).

1.1. The Angiogenic Process
Angiogenesis is the process by which new capillaries evolve from existing

microvessels, most commonly capillaries and small venules (1,3–5) but in some cases
from arterioles (6). Neovascularization occurs when the endothelial cells of a
microvessel receive an angiogenic stimulus, resulting in the development of sprouts
from the parent vessel in the general direction of the signal. These sprouts eventually
anastomose to form distinct loops (Fig. 1).

At the cellular level the initial response to an angiogenic signal is the localized
degradation of the basement membrane of the parent vessel by the responding
endothelial cells (7,8). These cells then migrate directionally from the vessel (4,9).

During migration the cells align linearly to form a capillary sprout (9). Proliferation
of endothelial cells occurs in the parent vessel as the sprout elongates to facilitate
lumen formation (10). This is followed by anastomosis of adjacent sprouts and result-
ant capillary loop formation (11). After the initiation of blood flow, the production of
a new basement membrane and incorporation of pericytes leads to the maturation of
the new vessel (12,13).

1.2. Pathological Angiogenesis
Angiogenesis is key to the development of a range of conditions characterized by

pathological growth of new capillaries, the most notable of which involves the growth
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Fig. 1. Key events in the angiogenic process: (A) proteolytic degradation of the extracellu-
lar matrix, and associated migration of endothelial cells; (B) endothelial cells form a sprout and
proliferate; (C) deposition of new extracellular matrix, formation of tubules, and anastomosis
of the newly formed vessel.

of solid tumors (14). Indeed, much of the current level of understanding of angiogen-
esis is derived from studies of tumor neovascularization. The concept that solid
tumors are angiogenically dependent originally derived from the observation that with-
out circulatory support, tumors fail to develop beyond 1–2 mm in diameter (15). Sub-
sequent studies involving the transplantation of tumors into the anterior chamber of
the eye have confirmed this theory (16–18). Furthermore, such experiments have
shown that avascular tumors have the ability to induce neovascularization (19). In
addition, the capillaries induced by tumors have been reported to grow rapidly and are
structurally distinct from nontumor-associated microvasculature; the former are fre-
quently devoid of pericytes and have little or no basement membrane (18,20,21).
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Endothelial cells from tumor induced capillaries are similarly distinct from those of
normal vasculature. The cells are relatively undifferentiated, containing numerous
mitochondria and a large nucleus, but lacking typical endothelial features, such as
micropinocytotic vesicles (20). It has also been noted that the doubling time of tumor-
derived capillary endothelium is markedly less than that of normal capillaries (18,20).

Recently, it has been shown that tumor and embryonic vessels can be distinguished
immunologically suggesting that the endothelial cells of rapidly growing vessels differ
not only in their ultrastructure, but also in their ability to express distinct epitopes (18).

1.3. Assay Systems

Despite the intense interest currently focused on angiogenesis research, the relative
inaccessibility of the process and lack of suitable model systems for study have lim-
ited experimental progress.

A number of in vivo systems have been developed, including the rabbit cornea
model and the chick chorioallantoic membrane (CAM) and vitelline membrane (VIM)
assays. However, these systems are impractical for the study or screening of large
numbers of samples and are far removed from angiogenesis in a human system. The in
vitro methods currently in use have generally isolated the different components of the
angiogenic process and have either studied endothelial cell proliferation (22) or
endothelial cell migration (see Chapter 20).

Although none of these assay systems accurately reflects the angiogenic process in
its entirety, they are generally considered to be responsive to known inhibitors and
stimulators of angiogenesis.

A number of alternatives to these model systems have recently been developed
which closely resemble the capillary network found in the CAM assay and also allow
for rapid throughput screening (23–26). The general procedure exploits the ability of
endothelial cells to associate into tubules in contact with various matrix proteins.

2. Materials

2.1. Isolation of Endothelial Cells

2.1.1. Avian Embryonic Endothelial Cells

1. Fertilized chicken eggs.
2. Petri dishes.
3. Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum

(FCS).

2.1.2. Bovine Retinal Capillary Endothelial Cells
1. Bovine eyes.
2. MEM medium containing 30 mM HEPES (MEM-HEPES).
3. 53-µm Nylon mesh.
4. Pronase.
5. Deoxyribonuclease.
6. Collagenase.
7. Insulin.
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8. Heparin.
9. Streptomycin

10. Penicillin.
11. Fungizone.
12. Human serum.
13. Gelatin.

2.1.3. Human Umbilical Vein Endothelial Cells
1. Umbilical cords of neonates delivered by Caesarean section.
2. MEM-HEPES containing 10% FCS.
3. Phosphate-buffered saline (PBS).
4. Collagenase.
5. MEM containing 10% FCS.

2.1.4. Tubule Assay
1. Trypsin-EDTA (ethylenediaminetetraacetic acid).
2. Matrigel.
3. Culture medium: DMEM or MEM containing 10% FCS.
4. 24-Well tissue culture plates.
5. Eppendorf tubes.
6. Pipets.
7. Microscope (phase contrast).

3. Methods

The tubule-forming assay can be used in the determination of both positive and
negative angiogenic effects. The system is reproducible and permits the rapid com-
parison of different treatment regimes. Procedures are detailed for use with primary
cultures, although the assay can also utilize established endothelial cell lines.

3.1. Isolation of Endothelial Cells
3.1.1. Avian Embryonic Endothelial Cells

1. Each isolation uses three dozen fertilized chicken eggs, available commercially from vari-
ous sources. Spray the eggs with 70% ethanol and crack into individual sterile Petri dishes.

2. Dissect out the embryos, remove the area vasculosa from each and bulk the membranes in
10 mL ice cold DMEM supplemented with 10% FCS.

3. Carefully homogenize and then centrifuge the resultant suspension at 800g for 10 min.
4. Remove the supernatant and resuspend the pellet in 10 mL DMEM containing 10%FCS.
5. Divide the suspension between two 25 cm2 tissue culture flasks and incubate at 37.5°C in

a humidified atmosphere containing 5% CO2.

3.1.2. Bovine Retinal Capillary Endothelial Cells
1. Collect freshly removed bovine eyes and store at 4°C overnight in DMEM.
2. Rinse in fresh DMEM and dissect out the retinal vasculature from twenty eye specimens.
3. Homogenize the vasculature in 10 mL ice-cold MEM containing 30 mM HEPES buffer

until fragments of approx 4 mm2 are obtained (see Note 1).
4. Centrifuge the homogenate at 800g for 10 min. Discard the supernatant and resuspend the

pellet in fresh MEM-HEPES (10 mL).
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5. Filter through an 85-µm nylon mesh to retain microvessels.
6. Collect the microvessels and suspend in 5 mL MEM-HEPES containing 0.5 mg/mL pro-

nase, 0.5mg/mL deoxyribonuclease, and 50 µg/mL collagenase.
7. Incubate at 37°C on a rotation wheel for 30 min or until individual microvessels are

observed. Stop the reaction by the addition of 10 mL ice cold MEM-HEPES and filter
through a 53-µm nylon mesh.

8. Resuspend the retained microvessels in MEM-HEPES (10 mL) and centrifuge at 1000g
for 10 min.

9. Discard the supernatant and resuspend the pellet in DMEM supplemented with 7.5% plate-
let poor human serum, 4 µg/mL insulin, 10 µg/mL heparin, 100 U/mL penicillin, 100 µg/
mL streptomycin and 1% (v/v) fungizone.

10. Plate the suspension in 25 cm2 tissue culture flasks precoated with 0.5% gelatin solution
and maintain at 37°C in a humidified atmosphere containing 5% CO2 (see Note 2).

3.1.3. Human Umbilical Vein Endothelial Cells

HUVEC cells can be isolated from umbilical cords of neonates delivered by caesar-
ean section.

1. The specimens should be transferred to the laboratory from the delivery suite as quickly
as possible in ice-cold MEM-HEPES containing 10% FCS (see Note 3).

2. Remove the cords from the transport medium and cut into 10-cm lengths.
3. Cannulate and wash several times with PBS to rinse out blood. Close one end of the vein

with a surgical artery clamp and introduce 0.1% collagenase in MEM-HEPES.
4. Incubate overnight at 4°C.
5. Rinse out the vein with PBS and collect the effluent containing liberated endothelial cells.
6. Spin at 800g for 10 min and resuspend the pellet in MEM supplemented with 10% FCS.
7. Divide the suspension between two 25-cm2 tissue culture flasks and incubate at 37°C in a

humidified atmosphere containing 5% CO2 (see Note 2).

3.2. Tubule Assay Procedure

1. Prepare a single cell suspension of endothelial cells by trypsinization of the monolayer
and centrifuge at 800g for 5 min.

2. Resuspend the cell pellet in the ice-cold media containing 10% FCS to give a population
density of approx 105 cells/mL (see Note 4).

3. Add equal volumes of the cell suspension and Matrigel to an Eppendorf tube.
4. Maintain on ice and mix immediately.
5. Dispense 100-µL aliquots into the individual wells of a 24-well tissue culture plate.
6. Gently rock the plate to ensure an even coating of the cell suspension.
7. Incubate for 30 min at 37°C in a humidified atmosphere with 5% CO2. This initial incuba-

tion allows the formation of the cell support system prior to the addition of test substances
in 0.5 mL medium (see Note 5).

8. Subsequent to the addition of media and supplements, the plates are incubated further and
the media containing test substances refreshed every 72 h (see Note 6).

9. The cell layer should be examined for tubule formation every 24 h until the end of the
experimental period (typically 15 d), using phase contrast microscopy.

10. The extent of tubule formation is not easily determined in unstained culture systems.
However, the cells may be fixed with 70% ethanol at the end of the incubation and stained
for any one of a number of endothelial cell markers (see Note 7).
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11. Cultures can then be scored manually or by means of image analysis software. Typical
results are shown in Fig. 2.

4. Notes
1. It is important that the temperature of the homogenization buffer is not allowed to rise as

the cells may be adversely affected by resulting proteolytic activity.
2. It is important to examine the cultures frequently during the initial incubation period for

any signs of contamination.
3. Patient consent should be obtained and use of the cells fully documented as requested by

current legislation.
4. This population density serves only as a guideline. Optimal cell numbers will depend on

the individual characteristics of the cells used in the assay system. It is important that the
cell suspension and Matrigel both be maintained on ice prior to mixing or the support
will gel.

5. Modifications of this technique allow for the treatment of Matrigel to remove potential
mitogens and angiogenic contaminants by means of low molecular weight cut-off filters.

6. Care should be taken to ensure that the wells are not allowed to dry out during media
changes. Similarly, care must be taken to avoid damaging the cell layer with pipets.

7. Antibodies for specific endothelial cell markers and individual staining procedures are
available from a number of commercial sources.
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Flow Cytometric DNA Analysis of Human Cancer Cell Lines

Peter Mullen

1. Introduction
Flow cytometry is a rapid technique allowing simultaneous analysis of multiple

cellular parameters, including DNA content. The technique relies on a single-cell
suspension being passed within a stream of sheath fluid through an optically focused
excitation light source, either a laser or an arc lamp. The most common excitation
wavelength used in flow cytometers is a 488 nm wavelength light from an argon
laser. Lasers provide a single wavelength of coherent light while arc lamps produce
a mixture of incoherent wavelengths that must be filtered. When a laser light source
is used, the amount of light scattered in the forward direction is detected in the for-
ward angle light scatter (FALS) channel and its intensity is roughly proportional to
the size of the cells or particles. Light scattered perpendicular to the path of the laser
is detected in the side scatter channel (SSC) and its intensity is more closely related
to granularity. If the cells have been stained with fluorochromes they will also emit
fluorescence intensities at levels that directly correspond to the density of fluoro-
chrome on or within the cell. The fluorescence signal emitted by any specific fluoro-
chrome is collected through separate channel detectors (photomultipliers) by means
of a series of optical filters and mirrors that guide the beam of light. In order to
simultaneously measure more than one fluorescence signal from any given cell,
multiple channels/detectors are used. A more comprehensive resume can be found
elsewhere (1).

DNA dyes (such as propidium iodide) are useful in that they can quantify how
much DNA is present within a given cell. Tumor cells are often found to be “aneup-
loid,” that is, having too many or too few chromosomes compared to the normal
diploid DNA number for the species (see Note 1). In addition, such dyes can quan-
tify the proportion of cells in the different phases of the cell cycle, namely:

1. G0, resting, nondividing cells, or any cycling cells in G1,
2. S phase (when DNA is synthesized), and
3. G2 or in the process of mitosis.
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Abnormal nuclear DNA content has been shown to be a useful marker of malig-
nancy (2) while a number of reports have shown an improved survival rate associated
with normal or near normal DNA content in breast (3–7), ovarian (8–10), and prostate
cancer (11). Although some studies have found DNA content to be an independent
prognostic indicator of survival in colorectal carcinoma (12–15), other studies suggest
that conventional histological parameters remain the best predictors of prognosis, with
no flow cytometric DNA variable being able to significantly improve on the conven-
tional prognostic variables of Duke’s stage, patient age, and tumor differentiation (16).
Similarly, others have reported that DNA content and ploidy status do not appear to be
major prognostic indicators in ovarian cancer (17,18). There are also reports showing
that the proportion of proliferating cells in S phase of the cell cycle may be of prognos-
tic significance in breast (19) and lung cancer (20)—indeed , it has also been reported
in meningioma patients that the proportion of S-phase tumor cells may represent the
most important parameter for predicting disease-free survival (21). Because flow
cytometry is such a rapid and precise method of measuring tumor DNA content, it may
therefore be of both diagnostic and prognostic value as well as being useful when
studying the mechanism of the action of drugs by means of alterations in the cell cycle
distribution (22).

Although the methodology described in this chapter is specifically aimed at pre-
paring and staining nuclei from established cell lines for the purpose of DNA, other
protocols can be found for studying clinical material derived from a number of patho-
logical sources, including fresh, frozen, paraffin-embedded, or fine-needle aspirated
tissue (23–26).

2. Materials
2.1. Preparation of Solutions

1. Citrate storage buffer: Add 85.50 g sucrose (250 mM) and 11.76 g trisodium citrate, 2
H2O (40 mM) to a beaker of distilled water with 50 mL of dimethyl sulfoxide (DMSO).
After adjusting to pH 7.6, fill to 1 L and store at 4°C. This buffer is used to store frozen
samples prior to analysis (27).

2. Stock solution: dissolve 2 g trisodium citrate · 2 H2O (3.4 mM), 2 mL NP40 (0.1% v/v),
1044 mg spermine tetrahydrochloride (Sigma Aldrich, Poole, Dorset, UK, cat. no. S2876)
(1.5 mM) and 121 mg Tris [(hydroxymethyl)-aminomethane] (Sigma Aldrich, cat. no.
T1378) (0.5 mM) in 2 L of distilled water after adjusting to pH 7.6. This “stock solution”
is used to make up the digestion/staining buffers (28).

3. Solution A: 15 mg trypsin (Sigma Aldrich, cat. no. T0303) in 500 mL of stock solution
(adjusted to pH 7.6).

4. Solution B: 250 mg trypsin inhibitor (Fluka Chemicals, Poole, Dorset, UK, cat. no.
93621) and 50 mg RNase A (Sigma Aldrich, cat. no. R4875) in 500 mL of stock solution
(adjusted to pH 7.6).

5. Solution C: 208 mg propidium iodide (Fluka Chemicals) and 580 mg spermine
tetrahyrdrochloride made up in 500 mL of stock solution, adjusted to pH 7.6. Protect
solution from the light by using tinfoil throughout the preparation, storage, and the stain-
ing procedures (see Note 2).

6. All solutions were stored in 20-mL aliquots at –70°C.
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2.2. Cell Culture
1. Select cell line of interest, for example, MCF-7 breast cancer (29) or PE01 ovarian cancer

(30) cells.
2. RPMI/PS/10% FCS: combine 500 mL RPMI 1640 culture media (Gibco-BRL, Life Tech-

nologies Ltd., Paisley, Scotland) with penicillin/streptomycin (P/S) (Gibco-BRL, Life
Technologies Ltd.) at final concentrations of 100 U/mL and 100 µg/mL, respectively.
Add 55 mL (10%) fetal calf serum (FCS; Advanced Protein Products, Brierley Hill, En-
gland) (see Note 3).

3. Dulbecco’s phosphate buffered saline (PBS) (Oxoid, Unipath, Basingstoke, England).
4. 1X Trypsin-EDTA (Gibco-BRL, Life Technologies, Paisley, Scotland).
5. 75-cm2, and 150-cm2 Tissue culture flasks (Life Technologies).
6. 10-mL Syringes and 21G needles (Becton Dickinson, Franklin Lakes, NJ).
7. FACS tubes (Becton Dickinson).

2.3. Preparation of Samples for DNA analysis
1. Water bath and Wirlimixer.
2. RNase (R4875, Sigma Aldrich, Poole, Dorset, UK).

2.4. Acquisition of Flow Cytometric DNA Histograms
1. FACSCalibur™ flow cytometer (Becton Dickinson) (see Note 4).

2.5. Analysis of Flow Cytometric DNA Histograms
1. Cell cycle analysis software, for example, ModFit LT™ (Verity Software House).

3. Methods
3.1. Cell Culture

1. Suspend 0.5 × 106 MCF-7 breast cancer or PE01 ovarian cancer cells in 25 mL RPMI/PS/
10% FCS and transfer to a 75-cm2 tissue culture flask. Place in a 5% CO2 humidified
incubator at 37°C.

2. Allow cells to grow to confluence, feeding twice per week by aspirating the spent media,
washing with 20 mL PBS, and then adding 25 mL fresh tissue culture media.

3. When cells become confluent, remove spent tissue culture media and wash cells in 10 mL
PBS. Remove excess PBS.

4. Add 5 mL trypsin/EDTA to each flask and place back in the incubator until the cells have
become detached (see Note 5).

5. Transfer cell suspension to a sterile Universal container using a sterile pipet; pour 20 mL
RPMI/PS/10% FCS (to deactivate the trypsin) into the flask in order to wash it out and
then pool with the cell suspension in the Universal container (total volume of 25 mL).

6. Centrifuge at 600g for 5 min.
7. Pour off the media and resuspend the pellet in 5 mL RPMI/PS/10% FCS. Syringe with

a 21G needle (3×) to break up the pellet, and then make up to 25 mL with RPMI/PS/
10% FCS.

8. Count total number of cells using a hemocytometer.
9. Transfer aliquots of 1 × 106 cells to FACS tubes (regardless of volume) and then centri-

fuge again at 600g for 5 min.
10. Resuspend pellet in 100 µL citrate buffer, cover tubes, and store at –40°C prior to analysis.
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3.2. Preparation of Samples for Analysis
1. Thaw solutions A and B, along with the frozen whole cell suspensions (in 100 µL) (but

not heated) in a water bath at 37°C before preparing and staining nuclei for DNA analy-
sis. Allow solution C to thaw at room temperature before placing on ice.

2. Digest cell suspensions down to nuclei by adding 450 µL of 0.003% trypsin solution
(Solution A), mix and leave at room temperature for 10 min (see Notes 6 and 7).

3. Prevent further degradation by adding 0.05% (w/v) trypsin inhibitor solution and 0.01%
(w/v) RNase A (Solution B) in a final volume of 375 µL, mix, and leave for 10 min.

4. Finally, stain cells by adding 416 µg/mL ice-cold propidium iodide/1.16 mg/mL sper-
mine tetrahydrochloride solution (Solution C) in a final volume of 250 µL and leave the
samples on ice in the dark for an additional 10 min prior to analysis.

 3.3. Acquisition of Flow Cytometric DNA Histograms

1. This protocol assumes that the user is familiar with the principles and practices of flow
cytometry and is able to run samples according to the operators manual pertaining to the
instrument being used.

2. For the purposes of collecting data, all plots must be formatted for “Acquisition”.
3. Plot a two-parameter dot-plot of Forward Light Scatter (FLS) vs Side Scatter (SS).
4. Plot a single-parameter FL2 (area) histogram with linear x-axis to illustrate relative DNA

content (propidium iodide fluorescence is usually assigned to the FL2 channel; see Note 8).
5. Plot a two-parameter dot-plot of FL2 (area) vs FL2 (width) to monitor doublets (see Sub-

heading 3.4.).
6. Select the signal threshold (the point at which a signal will be accepted as a positive

event) to FL2 and then set an appropriate value to gate out debris (a value of 20 should
suffice in the first instance).

7. No compensation is required since only one fluorochrome (propidium iodide) is present.
8. Introduce the sample and set the machine to “Run”. Using the appropriate settings panel,

adjust both FLS and SS photo multiplier tube (PMT) voltages so that the majority of dots
in the first two-parameter dot-plot (FLS vs SS) are contained roughly within the center of
the box (see Fig. 1A).

9. Adjust the FL2 PMT voltage up or down until the peak appears in the graph. The voltage
can then be fine-tuned so that the main peak is approximately one quarter of the way
along the x-axis within the linear graph (see Fig. 1B). This voltage will allow sufficient
space along the x-axis for the G2/M peak (which will have twice as much DNA per cell) to
be held in the graph and not over-spill the end. The histogram can also be monitored for
any tetraploid cells that may be present.

10. After setting up the machine, 10,000 ungated events are collected. Data files are stored in
an appropriate folder for subsequent retrieval/analysis using cell cycle software provided
with the machine being used.

3.4. Analysis of Flow Cytometric DNA Histograms

1. Provisional analysis of data can be conducted in a manner similar to data acquisition with
all histograms being formatted for “Analysis” rather than “Acquisition.”

2. Plot a two-parameter dot-plot of FL2 (area) vs FL2 (width), open the first data file, and
set the “gates” around the majority of cells contained within the FL2 (area) vs FL2 (width)
dot-plot. Define as “gate 1” (Fig. 2A).
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Fig. 1. (A) Data acquisition is optimized by separately adjusting forward angle light scatter
(FALS, FLS, FSC) and side scatter (SS, SSC) voltages to fall on a diagonal line from lower left
to upper right with the majority of cells lying roughly within the center of a two-parameter FLS
vs SS dot-plot. Increasing the FLS voltage will stretch the signals along the x-axis, whilst in-
creasing SS voltages will pull the signals up the y-axis. (B) DNA content can then be visualized
by increasing FL2 voltage until the main G0/G1 peak can be seen to appear in the linear graph
approximately one quarter of the way along the x-axis. By keeping the main peak to the left of
the histogram channel 200, for example, sufficient space to the right will be left for G2/M cells
with twice as much DNA per cell (channel 400) as well as any tetraploid G0/G1 cells that may
be present (channel 400) and their respective G2/M component (channel 800). Data acquisition
can then be activated and the required number of events accrued.

3. Plot a single-parameter FL2 (area) histogram with linear x-axis to represent relative DNA
content. Format the histogram by deselecting the default “ungated” events and choose
“gate 1”.

4. Place cursors around the first (G0/G1), intermediate (S), and second (G2/M) populations
of cells in a manner appropriate to your machine and choose the appropriate statistics of
interest (Fig. 2B). Successful analysis should yield the appropriate proportion of cells in
the G0/G1-phase, S phase, and G2/M phases of the cell cycle.
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Fig. 2. (A) Data analysis is performed by retrieving the saved data file into a histogram
template within a suitable analysis package (i.e., CellQuest™ [Becton Dickinson]). A two-
parameter dot-plot of FL2A (area) vs FL2W (width) is created and electronic gates drawn around
the main cluster of cells. Activation of the gate during subsequent analysis will then consider
and process data contained only within the defined region (for example, Region 1). (B) A single-
parameter FL2A (area) histogram, with linear x-axis to represent relative DNA content, is plot-
ted and formatted by selecting the predefined gate 1 (rather than the default setting of ungated
events). Cursors can then be placed around the first (G0/G1), intermediate (S), and second
(G2/M) populations of cells and the appropriate statistics of interest selected. Comparative cell
cycle distribution data (i.e., the appropriate proportion of cells in the G0/G1 phase, S phase and
G2/M phases of the cell cycle) can then be made on an appropriate sample series.
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5. Accurate cell cycle analysis must be performed using dedicated software supplied with
the instrument being used. Users are expected to be familiar with such software and the
appropriate statistical models to use for such analysis. For the purposes of this protocol,
analysis was carried out using the ModFit software provided with the FACSCalibur flow
cytometer.

6. Open the ModFit program and select the appropriate FILE.
7. Choose the parameter for analysis; in this case select FL2A for relative DNA content.
8. 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.
9. 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 paraffin embed-
ded; of diploid, aneuploid or tetraploid DNA content; whether aggregates were present;
or if there is a visible G2/M fraction. The model can also account for the presence of
internal standards should they be included.

10. Check the position and RANGE of the markers that are automatically placed on the histo-
gram and adjust their position if necessary (this may be the case, particularly if the S-phase
fraction becomes relatively high).

11. Calculate the relative cell cycle distributions using the FIT option (Fig. 3). Repeat the
process for all other samples, making sure that the cell population of interest is within the
defined “gate.” Adjust the gate if necessary.

12. Data can then be tabulated and exported to a suitable presentation package, for example,
Excel.

4. Notes

1. Many cancer cell lines are not true diploid but rather aneuploid, where aneuploidy is
defined as having a greater than 10% deviation from the DNA index of 1.0. Many primary
tumors can produce one or more aneuploid cell lines in addition to the normal diploid
state. Established cancer cell lines usually exhibit a single diploid or aneuploid population.

3. Propidium iodide is a DNA intercalating agent and must therefore be treated appropri-
ately and discarded in a suitable manner.

3. FCS must be heat-inactivated prior to use by heating in a water bath for 30 min at 56°C.
It can then be placed in 60-mL aliquots and stored at –20°C.

4. Although much of this protocol pertains to a specific instrument, namely the Becton
Dickinson FACSCalibur, the methodology is applicable to other machines. The manner
in which histograms are set up and the cell cycle analysis software may be different.

5. The time interval for cells to become detached from the plastic is dependent upon the cell
line being used, but is usually in the order of 5–10 min.

6. Chicken erythrocyte nuclei (CEN) and trout erythrocyte nuclei (TEN) can be added to
samples prior to trypsinization and used as internal controls in order to calculate the
ploidy (diploid DNA content) of the cell lines in question (31). Because CEN and TEN
have less total DNA per cell than human cells (35% and 80%, respectively), they have by
definition DNA indexes of 0.35 and 0.8 relative to a human diploid index of 1.0. Relative
positions (channel numbers) of the CEN or TEN peaks can therefore be used to deter-
mine the relative DNA index of unknown samples. Although both internal standards can
be included when determining the ploidy value of a given cell line, cell cycle distribution
is made difficult since the G2/M peak of TEN will fall within the S-phase fraction of
normal diploid cells. CEN alone can therefore be used if a ploidy check is deemed neces-
sary while at the same time cell cycle data is required.
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7. There is considerable debate as to whether CEN and TEN controls are the most appropri-
ate internal standards. A human blood preparation (with a true ploidy value of 1.0) may
be more relevant, providing that the cell lines in question are not true diploid in nature (in
which case the two peaks will overlap owing to their identical relative DNA contents).

8. All single-parameter histograms should be of 1024 channels resolution (rather than 256)
to obtain maximum resolution.
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DNA-Mediated Gene Transfer

Amanda J. M. O’Donnell

1. Introduction
Transfection is the process by which exogenous DNA is transferred into eukaryotic

cells. This allows the functional study of a specific gene product within a cellular
context. To facilitate expression of the gene of interest, it is first cloned into a vector
plasmid DNA that supplies necessary transcriptional and translational control elements
(see Fig. 1). There are two types of transfection; transient transfection and stable trans-
fection. Both have advantages and limitations.

1.1. Transient Transfection
Transfected plasmid DNA is frequently unstable since it exists as an extrachromo-

somal unit that is not inherited by progeny cells. Expression of the transferred gene is
eventually lost after a few days, as the plasmid is either degraded by nucleases or
diluted by cell division, but this time period is usually sufficient for functional analy-
sis. Higher gene expression can be obtained in this system by using a replicating vec-
tor. This increases intracellular copy number, which in turn increases the level of gene
product. A commonly used replicating vector is the SV40 vector, which contains the
SV40 origin of replication (ori). This plasmid will replicate in COS cells, a line of
monkey kidney cells that expresses SV40 large-T (1).

1.2. Stable Transfection
Stable transfectants are cells in which the transfected exogenous DNA has been

spontaneously integrated into the host genome by nonhomologous recombination (2).
This is a rare event; usually less than 0.02% of a population of transfected cells are
stably transformed. To allow isolation of stable transfectants, the transfected vector
DNA must contain a selectable marker, such as the gene for neomycin phos-
photransferase, which confers resistance to the G-418 antibiotic. It should be noted
that creation of stable cell lines involves integration of foreign DNA into the host
genome. The selection of a site for integration is a random event and may cause gross
chromosomal rearrangement. Because no two cells will have the same site of integra-
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tion, and the location of the integration site may affect expression of both exogenous
and endogenous genes, it is essential to clone several cell lines, each derived from a
single transfectant. Stable transfection is commonly used with inducible gene expres-
sion vector plasmids, allowing expression of the integrated gene to be switched on and
off. This is particularly important if prolonged expression of the transfected gene is
detrimental to the cell.

1.3. Methods of DNA-Mediated Gene Transfer
Several methods can be used to transfer DNA into cells. No single method works

best for all applications. Deciding factors in the choice of method include cost, repro-
ducibility, toxicity, mechanism of delivery, ease of use, and efficiency.

1.3.1. DEAE-Dextran
Diethylaminoethyl (DEAE)-Dextran is a polymeric cation that associates tightly

with the negatively charged DNA and transports it into the cell (3). This method is

Fig. 1. Typical mammalian expression vector. The gene of interest is cloned into a
multicloning site flanked by an RNA polymerase binding site, to drive transcription, and a
polyadenylation site, to terminate transcription and enhance translation. An upstream enhancer/
promoter aids expression. The cloned gene insert must provide the translational start site ATG.
Also in this plasmid are genes encoding neomycin phosphotransferase, which gives protection
to transfected cells from the G-418 antibiotic when creating stable transfectants, and β-
lactamase, which gives transformed bacteria protection from ampicillin antibiotic when repli-
cating the vector.
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successful for transient but not stable transfection of cells (1). DEAE-Dextran is, how-
ever, very toxic and is only suitable for transfecting certain cell lines. It cannot be used
to transfect cells that cannot tolerate serum-free media. Concentration and exposure
times must be optimized for each cell line.

1.3.2. Calcium Phosphate
Transfection mediated by calcium phosphate involves mixing DNA with CaCl2 and

a phosphate buffer to form a fine coprecipitate of calcium phosphate and DNA (4).
These complexes adhere to the cell membrane and enter the cell by phagocytosis. This
method can be used for both transient and stable transfection. Transfection efficiency
(i.e., the proportion of transfected cells within an exposed population) is relatively low
but this method is very inexpensive.

1.3.3. Cationic Lipids and Polymers
The cationic head of the lipid compound associates with the negatively charged

DNA. The lipid-DNA fuses, or associates, with the negatively charged cell membrane,
which results in internalization of the nucleic acid into the cell through endosomes and
lysosomes (5). Lipids can deliver DNA to transfection-resistant cell types more effi-
ciently than chemical methods. This method can be costly but transfection efficiency
is very high and more reproducible than traditional chemical methods.

1.3.4. Electroporation
A specific electrical field transiently alters cell membranes so that macromolecules

such as DNA can enter the cell (6,7). The success of gene transfer is no longer depen-
dent on cell division. High gene transfer efficiencies are achieved even in resting cells,
and the time required to detect gene expression is reduced. Extensive optimization
of conditions is required however, as high levels of cell death occur. This method is
inexpensive, after the initial cost of the electroporation machine. It has been shown,
however, that electrically induced changes to the physiology of the cell membrane
may affect cell-signaling pathways.

1.4. Optimizing Transfection Efficiency
The key to successful transfection is the careful optimization of transfection condi-

tions for each cell type. Several transfection protocols should be tried in order to deter-
mine the most efficient method. The following factors, which may influence
transfection efficiency, should also be considered.

1. Condition of cells: cell lines may change as they are maintained in culture, accumulating
mutations, gross chromosomal rearrangements, or changes in gene expression; therefore,
greater reproducibility will be achieved by using low passage number cells (< 50 splitting
cycles; see Note 1).

2. Cell density: transfection efficiency is very sensitive to culture confluence. Confluent or
stationary phase cells do not transfect well. Adherence to a standard seeding protocol is
mandatory to eliminate density variations between experiments.

3. Amount of DNA: this should remain constant for each transfected plate. Use empty vec-
tor plasmid DNA or salmon sperm DNA if necessary.

4. Incubation time can be anywhere between 2–24 h. Check toxicity on cells.
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5. Growth media: use only fresh media and supplements of highest quality available. Serum
is subject to significant biological variation; if possible keep to one batch.

To monitor transfection efficiency, cells are cotransfected with a vector plasmid
encoding a reporter gene. The protocol shown here uses the β-galactosidase reporter
gene. In situ  staining with X-Gal substrate can easily identify transfected cells express-
ing this gene (8).

2. Materials

Conditions used in the protocols below serve as a good starting point when using 60-
mm culture dishes. If a different size of culture plate is used, the amounts of reagents
can be scaled up/down in proportion to the surface area.

2.1. DNA

The plasmid DNA in the transfection should be free of protein, RNA, and chemical
contamination (see Note 2). Ethanol-precipitated DNA should be resuspended in ster-
ile Tris-EDTA (TE) buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) at a concentration
of 0.2–1.0 mg/mL and stored at 4°C (see Note 3).

2.2. Transfection Reagents

2.2.1. DEAE-Dextran Method
1. 10 mg/mL DEAE-Dextran in phosphate-buffered saline (PBS), warmed to 37°C.
2. 8 mM Chloroquine (see Note 4).
3. PBS: 137 mM NaCl2, 2.68 mM KCl, 4.3 mM NaH2PO4, 1.47 mM KH2PO4, final pH 7.4,

warmed to 37°C.
4. 10% Dimethyl sulfoxide (DMSO) in PBS, warmed to 37°C.

2.2.2. Calcium Phosphate Method
1. 2 M CaCl2, cell culture grade (see Note 5).
2. 2X HBS: 50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4, pH 7.1 (see Note 6).
3. Sterile, nuclease-free water.
4. PBS (as in Subheading 2.2.1., item 3).

2.2.3. Liposome-Mediated Method
1. Serum-free medium.
2. Cationic lipid reagent (see Note 7).

2.2.4. Electroporation Method

PBS (as in Subheading 2.2.1., item 3).

2.3. In Situ β-Galactosidase Assay to Measure Transfection Efficiency
1. PBS (as in Subheading 2.2.1., item 3).
2. Fixative: 0.25% (v/v) glutaraldehyde in PBS (see Note 8).
3. X-Gal stain: 0.2% X-Gal, from 2% stock in dimethylformamide (see Note 9), 2 mM

MgCl2, 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6 (see Note 10). Prepare fresh in PBS, and
filter immediately prior to use.
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2.4. Stable Transfection
1. 50 mg/mL G-418 (Geneticin).
2. Cloning rings.

3. Methods

3.1. Preparation of Cells
1. Plate the cells the day before the transfection experiment. The appropriate density

depends on the cell line used. Aim for approx 80% confluency on the day of transfection
(see Note 11). As a general guideline, plate approx 5 × 105 cells per 60-mm culture dish.

2. Three hours prior to the transfection remove the medium from the cells and replace it
with fresh growth medium.

3.2. Transfection
3.2.1. DEAE-Dextran Method

1. For each transfection, prepare 6 µg DNA in PBS to 475 µL in an Eppendorf tube.
2. Add 25 µL of 10 mg/mL DEAE-Dextran to each tube.
3. Aspirate media from cells, wash with PBS, and replace with DEAE-Dextran-DNA mix.

Incubate at 37°C for 1 h (see Note 12).
4. Add 3.5 mL media and 35 µL chloroquine to each plate (see Note 13). Incubate at 37°C

for 2.5 h. Monitor cells closely for cytotoxicity.
5. Aspirate media and add 10% DMSO for 2 min (see Note 14).
6. Aspirate and wash with media, replace with fresh media, and incubate in a 37°C, 5% CO2

incubator.

3.2.2. Calcium Phosphate Method
1. For each transfection, prepare DNA in sterile water to 225 µL in an Eppendorf tube (use

empty vector DNA to make up to 10 µg DNA total for each transfection).
2. Add 25 µL of 2.5 M CaCl2 to each Eppendorf tube.
3. Dispense 250 µL 2X HBS into a 7-mL bijou bottle (72-mm × 75-mm sterile tube) for each

transfection.
4. Gently vortex the HBS solution while slowly adding the DNA/calcium phosphate solu-

tion dropwise. When the DNA addition is complete, the solution should appear cloudy
resulting from the formation of the calcium phosphate-DNA coprecipitate. Incubate the
solution for 30 min at room temperature.

5. Vortex the solution again just prior to adding it to the cells. Add the solution dropwise to
the plates. Swirl the plates to distribute evenly over the cells (see Note 15). Return the
plates to a 37°C, 5% CO2 incubator.

6. Change the culture medium 4–16 h after transfection. Optimize the length of incubation
for individual cell lines. Primary cell lines are particularly sensitive and should not be
exposed to calcium phosphate for more than 4 h. Washing cells 2–3 times with warm PBS
may be necessary to remove the calcium phosphate DNA from the cells.

3.2.3. Liposome-Mediated Method
1. For each transfection, dilute 6 µg DNA in 300 µL serum free medium in an Eppendorf

tube.
2. Dilute 2–25 µL liposome reagent in 300 µL serum-free medium in a 7-mL bijou bottle for

each transfection. Leave at room temperature for 15 min (see Note 16).
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3. Combine the two solutions in the aliquot and incubate at room temperature for 15–30 min.
4. Wash cells with serum-free medium.
5. Add 2.4 mL serum-free media to each bijou then gently add to cells. Return the plates to

a 37°C, 5% CO2 incubator (see Note 17).
6. The culture medium should be changed 2–24 h after transfection and replaced with 10%

serum-containing media

3.2.4. Electroporation Method
1. Harvest cells using trypsin-EDTA, then resuspend cells in 5 mL growth medium to inac-

tivate trypsin. Centrifuge 125g for 5 min. Aspirate medium, wash cells with PBS, and
repeat centrifugation.

2. Resuspend cells in 400 µL cation-free PBS and place into a 0.4-cm electroporation cuvet
(see  Note 18).

3. Add 25 µg of plasmid DNA to be transfected. Mix gently and let stand at room tempera-
ture for 10 min.

4. Electroporate cells using recommended settings for your electroporation device. Optimi-
zation required for maximum transfection efficiency with minimal cell death.

5. Allow cells to sit in cuvet for 10 min following electroporation before placing in 60-mm
culture dish with 5mL growth media. Return the plates to a 37°C, 5% CO2 incubator.

3.3. Harvesting Transfected Cells
3.3.1. Transient Expression

Cells can be harvested 24–72 h after transfecting. Expression levels usually peak
by 48 h; however, if a replicating plasmid is used in an appropriate host (for example,
SV40-ori plasmid in COS cells), higher expression will be observed at 72 h.

3.3.2. Stable Expression
1. Twenty-four hours after transfection, trypsinize cells and plate 1/10 to allow space for

cell division (see Note 19).
2. Forty-eight hours after transfection, add media containing selective antibiotic (see Note

20). Refeed cells twice a week for first 3 wk, then once a week as the nontransfected cells
die off (see Note 21).

3. At around 2–5 wk, resistant cells may be picked by placing a cloning ring over the top and
pipeting the cells off into a 24-well plate (see Note 22). Maintain selection in selective
antibiotic media.

3.4. Measuring Transfection Efficiency Using β-Galactosidase
1. Cotransfect cells with expression vector for β-galactosidase along with gene of interest

plasmid. Allow 1–2 d for expression.
2. Wash cells twice with PBS.
3. Fix cells in 2 mL fixative for 5 min at room temperature.
4. Remove fixative and wash 3 times with PBS (see Note 23).
5. Stain for 2–16 h at 37°C with 1 mL of X-Gal stain.
6. Remove stain and cover cells with PBS, observe on light microscope, score dark blue

cells positive.

4. Notes
1. Some cell lines, over time, will become more resistant to transfection. Thaw out a fresh

ampule of cells if transfection efficiency begins to drop.
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2. Transfection-grade plasmid DNA should be purified using CsCl-gradient centrifugation
or a commercially available kit. UV spectrophotometry of the prepared DNA should give
an A260/A280 ratio of 1.8–1.9. Check that the DNA is predominantly in a supercoiled form
by running on an agarose gel.

3. Degradation by nucleases and stress during handling or improper storage may influence
transfection efficiency. DNA resuspended in TE will remain stable at 4°C for months.
Stocks stored at –20°C should not be repeatedly frozen and thawed. DNA is not stable at
4°C when resuspended in water.

4. 8 mM Chloroquine should be filter sterilized and stored in the dark at –20°C.
5. 2 mM CaCl2 should be filtered and stored at –20°C in small aliquots. Once thawed, do not

refreeze.
6. Final pH of 2X HBS is critical to transfection success. It must be 7.1 ± 0.05 and should be

filtered and stored at –20ºC in small aliquots. Once thawed, do not refreeze.
7. A number of reagents are commercially available. Most manufacturers supply a range of

different formulations to suit different cell types.
8. Glutaraldehyde is a carcinogen and should be diluted in a fume hood. Avoid contact with

skin and avoid inhalation.
9. Store X-Gal in dimethylformamide (DMF) in dark polypropylene tubes at –20°C. DMF

will dissolve polystyrene; use glass or polypropylene pipets, or tips.
10. 50 mM Stocks of potassium ferricyanide and potassium ferrocyanide can be stored at 4°C.
11. Best results are obtained when cells are transfected at a high density and in the log phase

of growth.
12. Shaking plate gently every 15 min may improve transfection efficiency.
13. This step is optional. Chloroquine may enhance transfection efficiency by binding to

DNA and inhibiting its degradation by lysosomes. It may be too toxic for some cell lines.
14. DMSO shock is optional. The exact mechanism of action is unknown but it may modify

cell membrane structure to enhance uptake of DNA.
15. Check that the precipitate is fine by using a light microscope. Course precipitate will

reduce the efficiency of uptake.
16. Some serum proteins can interfere with lipid/DNA complex formation. For sensitive cells,

serum can be re-added to the medium just before adding the complexes to the cells.
17. Antibiotics should not be used as lipid reagents increase the permeability of the cell mem-

brane allowing antibiotics into the cell.
18. PBS must be cation free to prevent arcing during electroporation.
19. Do not use the antibiotics penicillin and streptomycin when creating stable cell lines, as

they may inhibit the action of the transfectant selective antibiotic.
20. The concentration of selective antibiotic required for selection of resistant transfectants

should be determined from a kill curve for each cell type. Prepare 6-well culture plates
with 2 mL medium containing antibiotic at a range of concentrations from 0–1200 µg/
mL. Add 400 trypsinized cells to each well and incubate at 37°C, 5%CO2. Replace
medium with antibiotic twice a week. After 10–14 d, aspirate the supernatant and wash
cells with PBS. Stain the cells with 0.5% methylene blue/50% methanol for 20 min.
Determine the lowest concentration of antibiotic that kills all the cells and use the next
higher concentration for transfectant selection.

21. If no colonies appear, it is possible that your gene of interest is toxic to cells when
overexpressed. Include a control transfection of empty vector. If colonies appear with
vector alone then your gene product may be toxic. In this case, consider creating an
inducible stable cell line.
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22. An alternative method, if cells adhere strongly to plate, is to use a p1000 tip dipped in
vaseline to make a ring around the selected clone. Trypsin can then be applied within the
ring to release the clone.

23. Wash carefully as residual glutaraldehyde may inhibit the activity of β-galactosidase.
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Development of Drug-Resistant Models

Helen M. Coley

1. Introduction
1.1. Background

The observation that tumors are capable of developing resistance to anticancer
agents is a well-established fact in the clinic. In order to explain this phenomenon in
the laboratory, fluctuation analysis has been used in a number of studies involving
tumor cell lines (1–3), although it was first used by Luria and Delbruck (4) in the study
of bacterial cultures. Subsequently, work by Goldie and Coldman (5) using fluctuation
analysis focused on the genetic instability of tumor cells as pivotal to the emergence of
drug-resistant cells. The hypothesis suggested that a drug-resistant cell emerged from
the clonal expansion of spontaneously mutated cells and not from changes in cellular
function induced by drugs. The methodology used in fluctuation analysis is described
elsewhere (3) and can be used to assess the mutation rate of drug treated tumor cells.

The description of a P388 leukemia cell line with acquired resistance to actinomy-
cin D was published by Biedler and Riehm in 1970 (6). This landmark paper was one
of the first reports describing the use of cell line models with in vitro-derived antican-
cer drug resistance. A salient feature of the cell lines described was the cross-resis-
tance seen to other natural product anticancer drugs such as vinblastine and
daunorubicin. This paper was one of the first reports to describe the multidrug-resis-
tant (MDR) phenotype, as we know it today.

Drug-resistant cell line models, for example, those demonstrating MDR and others,
serve as useful paradigms for the clinical scenario of anticancer drug resistance. Cell-
line models with acquired resistance to a broad range of types of anticancer drugs have
served us well in our quest to clarify mechanisms underlying clinical anticancer drug
resistance. An additional and very important role for the drug-resistant cell line model
is to elucidate the mechanism of action of new, developmental anticancer agents. Cel-
lular and/or molecular changes seen in a drug-resistant cell line, when compared to its
drug-sensitive counterpart, can suggest a locus of drug action inferred by the presence
of those particular alterations. A specific example of this is seen in VP-16 (etoposide)
resistant cell lines, which often show a mutation or deletion of topoisomerase-IIα.



268 Coley

1.2. Developing Drug-Resistant Cell Line Models
The first consideration when developing a drug-resistant cell line is the choice of

parental cell line. This will depend on a number of factors, such as tumor type and its
relevance to the selecting agent in question. Additionally, specific molecular features
of the cell line may be related to the mechanism (putative or confirmed) of action of
the selecting agent.

A method that may be suitable for the development of anticancer drug-resistant cell
lines is the limiting dilution technique following treatment of cells with a sublethal
dose of drug. This technique develops a drug-resistant cell line that is derived from a
clone (obtained from initial treatment of the parental cell line) and may display a more
homogeneous drug-resistant phenotype/genotype than other methods.

The most common method for development of drug-resistant tumor cell line models
is incubation over a period of time in the presence of the drug in question. Although
this technique has relied on a good deal of empiricism, there are several considerations
(discussed in detail later) that are crucial to ensure success.

2. Materials
1. Standard cell culture laboratory equipment.
2. Mycoplasma-free parental cell lines at lowest passage number possible.
3. Inducing agent, i.e., cytotoxic drug at appropriate concentration. The drug should be

stored as frozen aliquots and regularly made up (avoid repeated freeze thawing).

3. Methods
3.1. Development of Drug-Resistant Cell Lines
by Growing in Step-Wise Increases in Cytotoxic Drug

It is important to establish the drug sensitivity of the parental cell line. This infor-
mation is crucial to establishing the starting dose for treatment of the cell line. In our
experience the best policy is to commence treatment at around 10–20% of the chronic
IC50 dose.

1. Seed the cells initially into a flask to be around 20% confluent when drug treatment is
carried out 24 h later.

2. Add the drug to the medium in a Universal container and then add it to the cells in the
tissue culture flask under standard aseptic conditions.

3. As the cells become confluent, the cells can be subcultured in the usual manner.

It is important to document the development of a drug-resistant cell line. Duplicate
flasks should be set up. One flask will be drug-treated and the other flask allowed to
grow for that passage in drug-free medium. Thus, at each passage of the developing
drug-resistant cells the nondrug-treated flask (from the previous passage) will be dis-
carded. The drug-treated flask of cells is then used to subculture each of the flasks to
give approx 20–30% confluence after 24 h.

The increase in drug doses generally follows the pattern of doubling the concentra-
tion, sometimes at every passage. It is vital that the cells are monitored following drug
treatment. In general, cultures will tolerate the lower doses of drug well, but a slowing
of cell growth will be evident at various stages in the cell line development. At this
point the empirical nature of drug-resistant cell line development becomes apparent.
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When the cell line appears not to have tolerated a drug treatment it is unwise to repeat
another round of drug treatment. The cells should be grown in drug-free medium for at
least one passage to recover. With cytotoxic drugs, such as doxorubicin, a doubling of
drug doses generates resistance. However, for some agents this may not be possible
and smaller increments in dosing will be a successful approach. It is not possible to
predict the types of agents likely to behave in this manner. However, the author has
had trouble increasing the dose of the selecting agent when developing cell lines with
resistance to new developmental dual I and II topoisomerase inhibitors and to certain
alkylating agents.

It is very easy to lose a drug-resistant cell line that has taken several weeks to gener-
ate either owing to contamination of the culture or because a high proportion of the
cells die and the cell line cannot recover. Aliquots of cells should be frozen in liquid
nitrogen at regular intervals, safeguarding the loss of the culture. In addition, provided
there is always a duplicate flask of cells set up growing up in drug-free medium at
every passage, there should always be a supply of “resistant” cells. The length of time
to develop a resistant cell line can vary enormously from a few weeks to many months
(see Note 1).

3.2. Development of Drug-Resistant Cell Lines
Using the Limiting Dilution Technique

 This technique is used after the plating efficiency of the parental cell line exposed
to a particular drug concentration has been established using soft agar cloning.

1. After making a single cell suspension of the cell line (usually by mechanical disaggrega-
tion), the cells are diluted in tissue culture medium containing 10% fetal calf serum (FCS)
and drug or inducing agent. The seeding density should range from 10–200 cells/mL. The
optimal cell number for this procedure is based on the plating efficiency of the cells. The
drug dose should be 10–20% of the IC50.

Two hundred µL of the diluted cell suspension is then distributed to each well of a
96-well flat bottomed microtiter plate. When a well contains a large colony following
1–3 wk of incubation under standard tissue culture conditions, the colony is isolated
and propagated as a resistant subline. Colony isolation is carried out by application of
trypsin-EDTA to the well following aspiration of the culture medium. Alternatively,
use a sterile loop.

2. Following propagation by growing up the colony as a single culture in a maintenance
dose of drug, the tumor line is then subjected to the limiting dilution technique with in-
creasing drug concentration.

3. This procedure can be repeated with an increase in the maintenance dose each time. A
description of this method is given in Hong et al. (7).

3.3. Titration of Drug Sensitivity of Developing Drug-Resistant Cell Lines
As a cell line develops a drug-resistant phenotype, it is useful to monitor its

progress. Take a sample of the resistant cells in sufficient number to set them up in a
96-well plate for standard chemosensitivity testing. The end point for readout may be
MTT, SRB, or methylene blue whatever the method of choice is in your laboratory. It
is essential to set up the parental, drug sensitive cells at the same time for use along-
side the drug-resistant line. It may become clear early on that the drug-resistant cell
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line grows more slowly than the parental line, i.e., possesses a longer doubling time.
This will affect the conduct of cytotoxicity testing. Hence, more cells that are drug-
resistant will have to be seeded to allow for similar cell densities for the untreated
(control) wells when the assay is terminated.

It may be important to monitor the progress of the development of the drug-resis-
tant line, especially if a certain level of resistance to an agent is an issue, i.e., 10-fold
rather than 1000-fold resistance. It may be relevant for a study to use a low level of
drug resistance, for example, as this mirrors the clinical situation of anticancer drug
resistance. On the other hand, cell lines with high levels of resistance to a particular
agent may be useful as analytical tools in certain circumstances.

3.4. Confirmation of Level of Drug Resistance

Once the desired level of drug resistance is achieved (or the drug dose cannot be
increased any further) then the culture should be expanded and frozen down in liq-
uid nitrogen. The drug dose that the cell line has been growing in at the most recent
passages should then be designated the maintenance dose (see Note 2). It is impor-
tant that the cells are grown up in the presence of the cytotoxic agent in order to
maintain their drug-resistant profile. In many instances drug-resistant cell lines are
grown up in the presence of the selecting agent at every passage. However, this may
not always be suitable for some cell lines as drug treatment at every single passage
may alter the stability of the drug resistance and the overall viability of the culture.
This aspect of developing cell lines with acquired resistance to anticancer drugs can
be variable and may depend on the type of cell line being used and the nature of the
anticancer agent. In essence, this is an empirical aspect of anticancer drug develop-
ment lacking hard and fast rules. If a cell line is drug-resistant then it should be able
to tolerate continual drug treatment. However, some cytotoxic drugs may prove dif-
ficult to use in this way and alternate passage with drug treatment may be the most
practical way for maintaining a particular drug-resistant variant.

It is important to check the drug-resistant phenotype of cells maintained in culture.
This applies to their relative level of drug sensitivity and to any drug-resistant features
such as ABC transporters, for example, P-glycoprotein. It is preferable to return to
original stocks of cells after a certain number of passages (between 10 and 20) in
continuous culture (see Note 3).

Drug-resistant variant cell lines often differ from their parental counterparts. Fig-
ures 1 and 2 show a selection of cell lines with acquired resistance to various antican-
cer drugs.

3.5. An Example of the Development of a Drug-Resistant Cell Line

In order to develop a human breast-carcinoma cell line with acquired resistance to
VP-16 (etoposide) the mycoplasma-free status of the parental cell line was confirmed.
A flask of cells was set up so that they would be in early exponential phase 24 h later
(approx 10% confluence). For this particular parental cell line, the (chronic) IC50 dose
for VP-16 was previously estimated to be 5–10 µM. The first dose used was 0.5 µM:
passage one. All drug treatments were begun 24 h following the passage of the culture.
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Fig. 2. (A) PEO1 human epithelial ovarian cancer cell line; (B) PEO1DoxR cell line with
developing resistance to doxorubicin.

Fig. 1. (A) MDA-MB-231 human breast adenocarcinoma cell line; (B) MDA-MB-231/
5944R cell line with acquired resistance to a developmental topoisomerase inhibitor; (C) MDA-
MB-231/11576R cell line with acquired resistance to a developmental topoisomerase inhibitor.

The cells appeared to slow their growth, but became confluent 8 d following treat-
ment. For passage two, a dose of 0.5 µM was repeated and rapidly came to confluence
within a week. Using a dose of 1 µM at passage three the culture reduced its growth
considerably and confluence was not reached for 2 wk. The cells started to assume a
vacuolated appearance and a large number of cells were found floating in the medium,
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having become detached. Five weeks into the development of the VP-16 resistant cell
line, a drug-free passage was conducted because the culture was showing reduced
viability. A dose of 1 µM VP-16 was repeated and the cells did not recover for another
2 wk. Passage 8 was carried out using an additional treatment with 1 µM VP-16. The
cells appeared to tolerate this and became confluent after a week. Over the next 6 wk,
a dose of 2 µM was used to treat the cells. The culture slowed its growth and subse-
quently died out at passage 13. The accompanying nontreated flask of cells was then
used and this showed poor growth. After 3 wk in drug-free medium the cells were
retreated at the dose of 1 µM until growth appeared healthy, up to passage 18. Over
the next two passages a dose of 1.5 µM was tried, which was well tolerated, followed
by 2 µM. This latter dose was applied for the next three passages, followed by one
drug-free passage. At passage 26, the drug sensitivity of the VP-16 resistant line was
titrated alongside the parental MDA-MB-231 cells. The IC50 data obtained (using
the MTT assay) indicated that the drug-resistant cells had a level of drug resistance
approximating sevenfold. Over the following 2 mo passages using 2 µM VP-16 were
applied, which appeared to be well tolerated. Three successive MTT assays were then
set up within a 2-wk period and the level of drug resistance in the VP-16 resistant line
was 10-fold. Two drug-free passages confirmed that the resistance was stable in the
absence of the selecting agent for a short time period. The cell line culture was expanded
to allow freezing down of aliquots of the cells (approx 20 cryovials), after confirmation
that the culture was mycoplasma-free.

4. Notes
1. The time to develop resistance can vary and depends on the type of selecting agent being

used. Doxorubicin resistance, for example, can evolve rapidly (within a few weeks), but
resistance to cisplatin may take months. The example shown above in Subheading 3.5.
of this section is typical for the development of many drug-resistant variants. There are a
number of points that this exercise has highlighted:

a. Be prepared to wait for your cell line to develop the desired drug-resistant phenotype.
b. Good record keeping is essential during the development of the drug-resistant cell line

(e.g., dates of drug treatments, morphological changes, time to grow to confluence).
c. Regularly freeze down the evolving drug-resistant variant (taking care to record the

passage number and drug treatment history).
d. Decide what you require from the drug-resistant cell line before you start to develop

it. Which tumor cell line should be used? Choice of drug to be used? How the drug-
resistant cell line can be used to help answer specific questions, relating to such
aspects as the mechanism of action of a developmental anticancer drugs.

2. Can the cell line be maintained in the absence of the selecting agent? If the cell line has
achieved a stable level of drug resistance then withdrawal of the selecting agent from the
growth medium should not result in loss of the resistant phenotype for a number of pas-
sages. However, the titration of the level of resistance will often reveal a reduction with
successive drug-free passaging.

3. A report by Scudiero et al. (8) describing the MCF-7 line MCF-7ADR with acquired
resistance to doxorubicin serves as an important warning. Although a number of studies
had been carried out using this cell line pair, including a description of a difference in p53
status (9), it was not until restriction fragment length polymorphism (RFLP) analysis of
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the cell lines was carried out that it was realized that MCF-7ADR could not have origi-
nated from the parental MCF-7 line. The need to be scrupulous with regard to labeling of
cultures, for example, is emphasized in this report.
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Immortalization of Human Prostate Cells
With the Human Papillomavirus Type 16 E6 Gene

Norman J. Maitland, Catherine A. Macintosh,
Christian Schmitz, and Shona H. Lang

1. Introduction
A survey of the Medline titles for the years 2000–2001 revealed 125 papers whose

titles included the name of the androgen-sensitive prostate cancer cell line LNCaP,
and 36 papers also included PC3, the most common androgen independent line. With
the addition of DU145 the list of human experimental prostate cell systems is almost
exhausted, although recently new sets of cell lines, immortalized by viral and nonviral
genes, have begun to appear to augment the list (1–5).

Why do we require cell lines when the study of clinical material and the increasing
availability of animal models should provide sufficient material for genetic and func-
tional studies? Monotypic cell lines (epithelial and fibroblastic) offer both convenience
and the ability to produce cellular reconstitutions (see Lang and Maitland, Chapter
28). In these experiments, primary cells, which retain the phenotype of the original
tissue components, are vastly superior. However, such primary cells have a very lim-
ited life span in culture, and are rapidly eliminated within several passages. Clearly
these cells derive from elderly patients with shortened telomeres, and senescence is
the likely mechanism of loss.

 However, in the case of prostate adenocarcinoma cells, in which telomerase is
activated (6), the induction of senescence is clearly more complex (7). A combination
of these mechanisms is likely the cause of the lack of prostate carcinoma cell lines; in
contrast to the multitude of breast adenocarcinoma lines.

One solution to the problem of senescence and the reluctance of prostate epithelial
cells to establish in monoculture is to exploit the ability of a number of viral onco-
genes to extend the lifespan of their host cells, to prolong the lifespan of the host in the
production of progeny virus.

The key to the immortalization function is to inactivate the ability of the tumor
virus to replicate, either by using individual cloned genes or by inactivation of the viral
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origin of replication. The original immortalizing gene was SV40 T antigen. A con-
struct with the SV40 genome inserted into a plasmid vector, but with the SV40 ori
deleted (SV40 ori-) (8) was initially used to establish extended life span cultures from
Wilms’ tumor (9). In this case, the tumor origin of the cells was established by measur-
ing loss of heterozygosity, relative to normal tissue (or peripheral blood lymphocyte)
DNA (9). Recent advances to the SV40 system include the use of temperature-sensi-
tive mutations in the T antigen gene, which are nonfunctional at 37°C. Therefore the
initial immortalization is carried out at reduced temperature (32°C), and when immor-
talized cultures are observed the T antigen function is switched off (10).

Our approach with prostate epithelium is to employ the immortalizing genes E6 and
E7 of human papillomavirus (HPV). A number of researchers have successfully used
this approach in both breast and prostate (for example (11,12). After initial experimen-
tation with plasmid transfer systems that had an initially low frequency of transfection,
we decided to employ retroviral infection as the method of choice for HPV gene trans-
fer. The preliminary experiments also indicated that the dual expression system (E6/
E7), while giving a high frequency of immortalization, also produced cells with a
higher than normal proliferative index. We therefore chose to employ just the E6 gene,
which has the dual properties of inactivating p53 by targeting it for degradation (13)
and activating telomerase (14). For all of the initial experiments the pLXSNE6 vector,
originally reported by Halbert et al. (15) was used, although second generation vectors
are now available with improved safety characteristics.

The protocols describe techniques to generate and propagate the recombinant retro-
viruses, infection of primary prostate epithelial cultures, and a number of techniques
for preliminary genotyping of the extended lifespan cells before they have undergone
too many cell doublings. Maitland et al. describes a complete account of the character-
ization of cell lines in human prostatic cancer (16).

2. Materials

1. The PA317 murine packaging cell line (ATCC CRL-9078) was obtained from the Ameri-
can Tissue Culture Collection.

2. Retroviral transfer vectors pLNCX and pLXSN can be obtained as part of the Retro-X kit
marketed by Clontech.

3. Transport medium: RPMI 1640, 3% (v/v) horse serum, 50 µg/mL gentamycin (Sigma),
2.5 µg/mL Fungizone. All tissue culture supplies were purchased from Life Technologies

4. DF10 complete medium: 1/1 DMEM/Nutrient Mix F12, 10% FCS, 2 mM L-glutamine,
100 U/mL penicillin, 100 µg/L streptomycin, and 20 mM HEPES, sterilized by 0.2 µm
filtration.

5. D10 complete medium: Dulbecco’s modified eagle medium (DMEM) with the supple-
ments listed for DF10 complete medium.

6. Trypsin solution: 0.25% (v/v) trypsin/EDTA in phosphate buffered saline (PBS).
7. DNA extraction buffer containing proteinase K: Extraction buffer contains 0.01M Tris-

HCl, pH 7.9, 0.5 mM EDTA, pH 8.0, 1% (v/v) Tween-20, and 0.4 mg /mL proteinase K.
8. Dosper liposomal transfection reagent.
9. Supor® disc filters (0.45 µm; Gelman Sciences).

10. BDH Giemsa staining solution.
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3. Methods

3.1. Setting Up Primary Prostate Epithelial
Cultures for Retroviral Transduction

This method has been optimized for prostatic epithelium, but any method of tissue
disaggregation can be employed. A critical step for the amphotrophic retroviral proce-
dure is to obtain dividing cell cultures, as the viral life cycle is not completed in G0

cells (in this case a lentiviral vector could be substituted).

3.1.1. Tissue Collection

After obtaining patient consent, obtain the prostate tissue by transurethral resection
(TURP) and place the “tissue chips” into transport medium. Remove a 5-mm2 slice of
tissue, blot dry, and store at –80°C for later histological analysis. The remainder can
be stored overnight at 4°C in transport medium.

 3.1.2. Preparation of Biopsy for Culture

Mechanically disaggregate tissue (chop) in a sterile Petri dish producing pieces 1
mm2 in diameter in 1 mL of transport medium (for alternatives see Note 1).

 3.1.3. Seeding of Biopsy Material in Explant Culture

Using a disposable transfer pipet, aspirate the disaggregated biopsy and transfer to
25-cm2 tissue culture flasks with 0.2-µm vented lids (Corning). The medium of choice
for the primary culture is described in Lang and Maitland, Chapter 28 (primary culture
medium). Seed the majority of the disaggregated tissue specimens directly onto tissue
culture plastic, but other substrata such as polylysine and collagen can be used to aid
adhesion of the explants.

3.2. Maintenance and Growth
of Recombinant Amphotrophic Retroviruses

To generate producer cell lines for retrovirus, the recombinant DNA transfer vector
must be transfected into the packaging cell line (PA317). This requires the insertion of
the immortalizing gene into a transfer plasmid vector manipulated in bacteria that
mimics the proviral form of the retrovirus in its most primitive form, i.e., a transgene
coding region flanked by the viral long terminal repeat (LTR) sequences. Many such
transfer vectors exist, and the immortalizing gene used in this example is inserted in
pLXSN (Genbank accession number M28248) (17). This vector also contains an SV40
promoter-driven neomycin/G418 resistance gene to allow selection of the producer
cells. The immortalizing gene (the E6 gene from HPV (15), is under the control of the
retroviral promoter in the LTR. A more elegant (and ultimately safer alternative) is to
use the related pLNCX transfer vector (Genbank accession number M28247), in which
the retroviral promoter in the LTR is inactive and the immortalizing gene is under the
control of a separate but stronger cytomegalovirus (CMV) immediate early promoter.
Complete kits for the generation and manipulation of amphotrophic retroviruses are
now available commercially (Retro-X from Clontech).
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3.2.1. Maintenance of Retroviral Producer Cell Line

The murine fibroblast cell line PA317 is one of several effective hosts for recombi-
nant retroviruses (see Note 2). It contains the gag, pol and env open reading frames
from the transfer vector pMAM3 co-transfected into 3T3 cells with an HSV1TK gene.
The gag, pol and env genes are constitutively expressed and provide the “packaging”
function for any small RNA (<9kb) with appropriate packaging signals derived from
the retroviral terminal LTR sequences, such as pLXSN.

1. The cell line is maintained in D10 medium and is subcultured 1:10 to 1:40 every 4–5
days (d) using standard techniques (see Note 3).

2. Replicate frozen stocks of PA317 are prepared in 40% DMEM, 50% fetal calf serum
(FCS), and 10% dimethyl sulfoxide (DMSO), and stored in liquid nitrogen.

3.2.2. Generation and Storage of Recombinant Amphotropic Retroviruses

All transfections into PA317 are performed utilizing Dosper™ transfection reagent
(Roche).

1. Passage adherent cells 1:2, 48 h before transfection, and again 24 h before transfection at
50–80% confluency.

2. Mix 1 µg of transfer plasmid DNA with 3.125 µL of Dosper reagent and add serum-free
medium to about 0.1 mL. Incubate the reaction at 20°C for 15 min. Table 1 gives optimal
volumes for various vessels.

3. Immediately before transfection, add 10 volumes (vol) of the appropriate complete
medium to the transfection mixture and gently pipet the complete mixture onto the cells
(see Note 4).

4. Conduct transfections at 37°C for 5–12 h, afterwards replace the transfection mixture
with fresh complete medium.

5. Incubate transfected cells for 6–16 h, after which the cells are washed once with PBS, and
then add 1 mL D10 medium per 25 cm2 for a further 24–48 h.

6. Collect transiently produced retroviruses by removing the growth medium and remove
the floating cells by 0.45 µm disc filtration.

7. The retrovirus-containing supernatant can be stored at 4°C for up to several months or
frozen at –80°C without further modifications.

Table 1
Transfection Mixtures for Various Tissue Culture Vessel Types

Tissue Liposomal transfection Total DNA Serum-free
culture dish A (cm2) reagent (µL) per dish (µg) medium (µL)

T150 150.0 78.0 26.0 1,195
T75 75.0 39.0 13.0 598
T25 25.0 13.0 4.3 199
10-cm 58.1 30.2 10.1 463
  6-well 9.6 5.0 1.7 77
12-well 4.5 2.4 0.8 36
24-well 2.3 1.2 0.4 18
  8-well chamber 0.9 0.5 0.2 7
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3.2.3. Generation of Stable Retroviral Producer Cell Lines
According to the resistance encoded by the retroviral vector used, the stably infected

producer cells are selected with 1–2 mg/mL G418® (pLNCX and pLXSN vector
series). Stable retroviral producer cell lines are always maintained under selection con-
ditions. However, when retroviruses are to be used for transduction experiments, drug-
free medium is applied for a period of 24–48 h.

3.2.4. Titration of the Virus Stock
1. Plate prepared human keratinocyte cell line (HaCaT ) cells (18 ) into a 6-well tissue cul-

ture plate at 25–30% confluency, and leave for 12–24 h to completely adhere.
2. Replace the medium with 0.7–1 mL fresh DF10 containing 8 µg/mL hexadimethrine bro-

mide (polybrene). Add 10 µL of serial diluted retroviral supernatant (1:1, 1:2, 1:10, 1:100,
1:1000, 1:10000) to the HaCaT cells and incubated for 4–12 h at 37°C.

3. After the transduction is complete, remove the retroviral supernatant, wash the cells sev-
eral times with PBS, and maintain for a further 48 h in complete DF10 medium.

4. Incubate HaCaT cells with selection medium containing 500 µg/mL G418® (pLNCX or
pLXSN series). Carry out the selection for 10–20 d, changing medium every 3–4 d.

5. Stain the cells with Giemsa staining solution for visualization of generated colonies.
Remove the medium, wash the cells once with PBS, and add 500 µL Giemsa staining
solution to each well. Incubate cells for 10–20 min and remove excess staining solution
with several washes of tap water. Air dry the fixed cells and count the colonies.

6. The titer is calculated as follows and expressed in colony-forming units per milliliter
(cfu/mL) of virus (19).

 G418–resistant cfu/mL = number of colonies
retroviral dilution volume (mL)

3.3. Immortalization of Primary Prostatic Epithelium
The actual immortalization procedure is an extension of the preceding protocol, as

used to assay the recombinant viral stock. Prostatic epithelial cells are difficult to
transfect by conventional precipitation or liposome-mediated techniques, but our
experience with retroviruses indicates that the cells are readily infectable with an
efficiency as high as most mammalian cell lines.

3.3.1. Infection of the Primary Prostatic
Epithelial Cells With Retrovirus Stock

For infection of primary prostatic epithelial cells undiluted viral stock is used.
1. Draw off the medium from the prostatic cell outgrowths.
2. Wash the cells twice for 5 min in PBS prior to addition of 1.5 mL of virus with polybrene

at 8 µg/mL per 25-cm2 flask. Incubate cells in the presence of the virus for 2 h at 37°C,
5% CO2.

3. Remove the polybrene-containing medium and wash the cells twice for 5 min with PBS.
Replace with fresh D10 medium and incubate the cells for a further 48 h prior to selection
with G418 at 25 µg/mL.

3.3.2. Ring Cloning of Transfected Cells
After 10–14 d of drug selection discrete colonies are observed that can be individu-

ally ring cloned into 12.5-cm2 flasks.
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1. Wash the cells twice for 3 min in PBS-Ca2+/Mg2+ and cut off the lid of the flask under
sterile conditions.

2. Dip a sterile glass ring (10 mm in diameter) in autoclaved petroleum jelly and place over
the individual colonies, creating a seal.

3. Place 500 µL of 0.25% (v/v) trypsin/EDTA in the ring and immediately aspirate off with
the PBS.

4. Apply trypsin again and monitor the cells. As they begin to round up, gently pipet the
cells up and down and place in flasks containing D10 culture medium.

5. The isolated colonies are incubated at 37°C, 5% CO2, until they can be subcultured into
larger tissue culture flasks (see Note 5).

3.4. Analysis of Transformed Cells
3.4.1. Immortalization or Extended Life Span?

Introduction of the E6 gene into a primary prostatic cell culture extends the
lifespan of the cells. For prostatic epithelium, any extension beyond passage 3 or 4
represents an extension of life-span. In the initial stages, the cells are genetically
stable and resemble the original culture in morphology (see Fig. 1). The cells are
NOT however immortal at this stage, and require passing through a crisis for full
immortalization to occur. After the crisis period, the cells will still be epithelial in
morphology, but certain chromosomal rearrangements will have occurred.

The extended lifespan cells, produced after the first retroviral infection, are geneti-
cally stable, and behave in a similar way to the original primary cells in most of the
biological assays for up to 12 population doublings. If extremely large cell numbers
are not required, then the extended life span cells are preferable. To maintain these
cells, a proportion of the culture should be preserved by standard cryopreservation at
every passage, particularly while the cells are proliferating.

Fig. 1. Comparative morphology of primary epithelial outgrowth and the E6 immortalized
culture. (A) Epithelial outgrowth from a fragment of prostate tissue. The tissue is the large
black object at the top right of the panel. (B) Epithelial component from this outgrowth has
been infected with a recombinant E6-expressing retrovirus and a cloned epithelial culture pro-
duced. Note the similar morphology.

A B
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3.4.2. Passage Numbers
For most E6 extended-life-span cultures, at least 25 passages are possible after

introduction of the E6 gene and selection of cell clones. An exact number is unpre-
dictable and may depend on the age of the patient. However, we have seen no relation-
ship to the tumorigenic phenotype. Almost inevitably, after up to 30 passages the
epithelial cells enter a crisis, and a prolonged G0 phase. The requirement now is the
patience to maintain the cultures for up to 6 wk by feeding essentially static and appar-
ently dead cells. Spontaneously immortalized cells emerge from this crisis infrequently
and often resemble the original culture but with a less epithelial phenotype (expres-
sion of vimentin—a stromal marker—is sometimes upregulated compared to the origi-
nal culture).

3.4.3. Cell Lifts for DNA Purification
To monitor the immortalization process, and to provide an indication of the origin

of the cells immortalized, a microassay from the growing immortalized colonies of
epithelial cells can be carried out. Using the procedure described in this subheading,
sufficient cells are obtained to carry out a PCR amplification of known genes (to com-
pare mutation status between the original tumor and the cellular outgrowths) or a
microsatellite/single nucleotide polymorphism analysis (16). Full protocols for the lat-
ter analysis are available elsewhere.

1. Aspirate the medium from growing cells, then wash twice for 5 min in PBS.
2. Cut squares of 3MM paper measuring 3 mm2 and sterilize by autoclaving in a glass Petri

dish.
3. Using sterile forceps, place the 3MM squares onto the cells, leave for 20 seconds (s), and

then remove into an Eppendorf tube containing 200 µL of DNA extraction buffer.
4. Restore fresh medium to the cultured cells, which can then continue growing.
5. Process the 3MM squares as follows. Add 50 µL (or more) of DNA extraction buffer to

an Eppendorf tube containing the 3MM square and incubate overnight at 42°C.
6. Next day, inactivate the proteinase K by incubation at 95°C for 8–10 min, and centrifuge

the paper either to the bottom of the tube or carefully remove with a sterile tip.
7. The resulting solution is ready for PCR amplification and further analysis, when used to

make up no more than 10% of a PCR reaction final volume.

3.4.4. Detection of E6 DNA in Infected Cells
1. Pellet cells by centrifugation and extract the DNA by standard methods. Use 20 ng of the

DNA as a substrate for PCR.
2. Reaction mixtures contain 2 mM dNTPs, 0.05% W-1, 1.5 mM MgC12, 0.3 µM forward

and reverse primers (see Note 6), and 0.5 U of Taq DNA polymerase. Thirty-five cycles
of amplification, with annealing at 55°C are sufficient to detect the low copy numbers of
E6 retained in the immortalized cells.

3. Detect PCR product (455 bp) by electrophoresis in a 1% (w/v) agarose gel.

3.4.5. RT-PCR to Detect E6 mRNA
1. Pipet 5 µg total cell RNA into a diethylpyrocarbonate (DEPC)-treated Eppendorf tube

with 0.5 µL of RNA guard solution (Boerhinger Mannheim), 500 ng of oligo-dT primer,
and sterile double-distilled (dd) H2O to a volume of 10.5 µL.
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2. Heat the tube to 70°C for 10 min and snap-cool on ice. Pulse the Eppendorf tube in a
microfuge to collect the contents.

3. Set up the cDNA synthesis reaction by adding 0.5 µL RNAguard, 1X Superscript buffer
(Boehringer Mannheim), 10 mM dithiothreitol (DTT), 1 mM dNTPs, and 200 U of Super-
script enzyme.

4. Mix the contents of the tube gently and incubate at 42°C for 1 h. After this period, pre-
cipitate the cDNA at –80°C for 1 h by adding 0.05 vol glycogen solution, 0.5 vol 3 M
NaCl, and 3 vol of absolute ethanol.

5. Pellet the cDNA by centrifugation at 12,000g at 4°C for 5 min and following a final wash
with ice-cold 70% ethanol, air dry the pellet and resuspend in 20 µL sterile ddH2O.

6. Use 2 µL of cDNA as a substrate for PCR to detect E6 expression. The reaction mixture
also consists of 2 mM dNTPs, 0.05% W-1 detergent, 1.5 mM MgCl2, 3 pmoles each of the
forward and reverse primers (see Note 6), 1X PCR buffer, and 1 U of Taq DNA poly-
merase (Gibco-BRL).

7. Resolve products (see Note 7) by electrophoresis in a 1% (w/v) agarose gel as shown in
Fig. 2.

3.4.6. Immunofluorescent Detection of E6 Protein
1. Remove the medium from cells grown to 60–100% confluency and wash the cells twice

for 5 min in PBS to remove residual sera and debris.
2. Fix cells in 4% paraformaldehyde (v/v) in PBS (0.45 µm filter-sterilized) for 10 min at

room temperature.
3. Wash cells once for 5 min prior to permeabilization with 100% methanol for 2 min.
4. Wash the fixed cells with 4 changes of PBS over 5 min and air-dry for storage at –80°C

until use, or drain and use immediately.

Fig. 2. Detection of E6 DNA and mRNA in the immortalized cultures by RT-PCR. Agarose
gel electrophoresis of PCR products from an E6-transformed prostatic epithelial cell. Marker
lane (M) is a 100-bp ladder from Life Technologies. Lane 1 is the amplification of cDNA from
the cell line showing both E6 and E6*-specific products. Lane 2 is a negative control; lane 3
contains DNA from the same cell line (455-bp product only), and lane 4 is the CaSki cell DNA
positive control.
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5. Demarcate areas for staining with either a PAP pen (The Binding Site, Birmingham, UK)
or a diamond pen, and rehydrate with 2% (w/v) bovine serum albumin (BSA) (Sigma) in
PBS (0.45 µm filter sterilized) for 10 min at room temperature.

6. Block cells with 1% (v/v) horse serum in PBS for 20 min at room temperature in a
humidified chamber.

7. After two 10-min washes with 2% (w/v) BSA/PBS, incubate cells for 1 h at room tem-
perature with the primary antibody: an anti-E6 polyclonal antibody at a dilution of 1:50 in
2% (w/v) in PBS (20).

8. Detect the rabbit primary antibody by incubation for 30 min at room temperature in a
humidified chamber, using an FITC-linked antirabbit secondary (Sigma) at a 1:20 dilu-
tion in 2% (w/v) BSA/PBS.

9. After a final set of three washes for 5 min each in 2% (w/v) BSA/PBS, cover slips
(BDH) are mounted using Citifluor (Agar Scientific) and sealed with clear nail varnish
(see Note 8).

10. Observe fluorescent staining using a Nikon FXA fluorescent microscope (see Fig. 3).

4. Notes
1. Alternative methods of disaggregation including enzymatic digestion overnight at 37°C

with collagenase and hyaluronidase (both at 30 U/mL), are possible and can produce a
single cell suspension (see Lang and Maitland, Chapter 28).

2. A common and “safer “host for amphotrophic retroviruses, and an alternative to PA317,
is PT67 (ATCC number CRL-12284). PT67 also has variant env protein (10A1), which
broadens the host range to most human cell types (21). The techniques involved do not
change when this is substituted for PA317.

3. Retrovirus producer cells grow quickly and must be maintained in a healthy state to opti-
mize transduction and yield of recombinant retrovirus.

4. Transfection mixtures are prepared in plastic tissue culture vials obtained from various
suppliers but NOT Eppendorf type tubes.

5. When growing up E6-transfected epithelial cells it is vital not to “push” them by subcul-
turing too soon. This will limit the time to crisis in the cultures.

Fig. 3. Immunodetection of E6 protein in E6 transformed prostatic epithelial cells. (A) Posi-
tive immunostaining (mainly pancellular) with an anti-E6 antisera (20) of the same cell line as
analyzed for DNA and RNA (shown in Fig. 2. (B) Corresponding negative control in which the
primary antibody has been replaced with PBS in the full staining procedure.
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6. The E6 primers for PCR are: 5'-GCAAGCAACAGTTACT-3 and 5'-CTGGGTTT
CTCTACGTGTTC-3'; CaSki (an HPV-16 infected cervical carcinoma cell line) can be
used (ATCC number CRL1550 ) as a positive control.

7. In most cells two forms of E6, full length (455 bp) and the spliced E6* form (180 bp) are
detected by RT-PCR.

8. Fluorescently labeled cells can be stored in the dark (sealed in aluminium foil) at 4°C
until viewing.

Caution should be exercised in the production and handling of recombinant
retrovirus. In accordance with biological safety regulations, retroviral supernatants
should only be handled in a class II laboratory environment. Appropriate national,
NIH, and institutional guidelines and permission should be obtained.
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The Use of Matrigel to Facilitate the Establishment
of Human Cancer Cell Lines as Xenografts

Peter Mullen

1. Introduction
Matrigel is a solubilized tissue basement membrane matrix rich in extracellular

matrix proteins that was originally isolated from the Engelbreth-Holm-Swarm (EHS)
mouse tumor. Although composed mainly of laminin, collagen IV, heparan sulphate,
proteoglycans, and entactin (nidogen), various growth factors such as transforming
growth factor-β (TGF-β), fibroblast growth factor (FGF), and tissue plasminogen
activator are also present. Under normal physiological conditions Matrigel polymer-
izes to produce a reconstituted, biologically active stable matrix, that is effective for
the attachment and differentiation of normal and transformed anchorage-dependent
cell types (1–2).

The establishment of xenografts using material originating from primary human
tumors (of any type) is arguably one of the most informative in vivo models available
and one that has been well documented. Despite such importance, the use of cell lines
for the establishment of human tumor xenografts in immunodeficient mice has histori-
cally proven to be difficult for many tissue types. These problems are further exacer-
bated when attempting to establish xenografts from primary clinical material where
“take rates” are often low (3–5). However, the inclusion of Matrigel has been shown to
significantly enhance the tumorigenicity of a wide range of cancer cell lines in vivo,
including breast (6–8), ovarian (8,9), endometrioid (10), lung (11,12), prostate (13–
16), glioblastoma (17,18), and retinoblastoma (19,20). There are also reports of
Matrigel enhancing the tumorigenic potential of primary breast material that has tradi-
tionally been difficult to transplant (21–23). Interestingly, xenografts originally estab-
lished in the presence of Matrigel can be excised, transferred into fresh recipient
animals, and subsequently grown without the need for Matrigel, suggesting that it is
only required during the initial establishment of tumors (8). Matrigel is therefore use-
ful for the development of routine xenografts from a wide variety of cell lines that
would otherwise prove difficult to “take” (see Fig. 1).
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2. Materials
2.1. Preparation of Matrigel

Matrigel (Collaborative Biological Research, Bedford, MA).

2.2. Animals and Animal Husbandry
1. Female nude (nu/nu) mice (Harlan Olac, Oxford, England).
2. Negative-pressure isolator (Moredun Isolators Ltd., Edinburgh, Scotland).
3. Open filter-box cages (North Kent Plastics, Erith, Kent, England).
4. RM3(E) animal feed irradiated to 2.5 mrad (SDS Diet Services, Witham, England).
5. Sterile water (Baxter Travenol, Thetford, England).
6. Bedding (BS&S (Scotland) Ltd., Edinburgh, Scotland).
7. Ear identification tags (Brookwick Ward, Glenrothes, Fife, Scotland).

2.3. Cell Culture
1. Cell line of interest, e.g., MCF-7 breast cancer (24) or PE01 ovarian cancer (25) cells.
2. Dulbecco’s phosphate buffered saline (PBS) (Oxoid, Unipath Ltd., Basingstoke, England).
3. 1X Trypsin-EDTA (Gibco-BRL, Life Technologies Ltd., Paisley, Scotland).
4. RPMI/PS: RPMI-1640 (Gibco-BRL, Life Technologies Ltd., Paisley, Scotland), 100 U/mL

penicillin/100 µg/mL streptomycin (Gibco-BRL, Life Technologies Ltd., Paisley, Scotland).
5. RPMI/PS/10% fetal calf serum (FCS): RPMI-1640, 100 U/mL penicillin/100µg/mL strep-

tomycin, 10% FCS (Advanced Protein Products, Brierley Hill, England) (see Note 1).
6. 150-cm2 Tissue culture flask (Life Technologies Ltd., Paisley, Scotland).

Fig. 1. Comparative take rates for three breast- and five ovarian-cancer cell lines inocu-
lated in the presence/absence of Matrigel. The three breast cancer cell lines (MCF-7, T47D,
and MDA.MB.231) and five ovarian cancer cell lines (PE01, PE01cDDPr, PE04, PE014, and
OVCAR-3) were all injected at 4 × 106 cells/implant.
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3. Methods
3.1 Preparation of Matrigel

1. Place Matrigel in the refrigerator overnight at 4°C (see Notes 2 and 3).
2. Transfer the Matrigel on ice into a tissue culture hood, along with sterile microcentrifuge

tubes (1.5 mL) and Gilson 1-mL tips (see Notes 4 and 5).
3. Let chill for 5–10 min.
4. Wipe top of vial with 70% ethanol and leave to air-dry.
5. Open vial carefully with gloved hands to maintain sterility.
6. Gently swirl vial to disperse Matrigel evenly, taking care not to let it warm up.
7. Using a prechilled 1-mL tip, aliquot 250 µL from one 10-mL bottle of Matrigel into each

of 40 prechilled sterile microcentrifuge tubes.
8. Immediately refreeze Matrigel aliquots at –20°C prior to use, thus minimizing the num-

ber of freeze/thaw cycles.
9. Each ampule can be removed from the freezer and thawed on ice just prior to use.

3.2. Animals and Animal Husbandry
1. At the point of delivery, female nude (nu/nu) mice are placed in negative-pressure isolators

until ready for use. RM3(E) animal feed (irradiated to 2.5 mrad) and sterile water are made
available ad libitum. All bedding is changed twice per week, prior to experimentation.

2. Remove mice from the isolator and transfer to open filter-box cages. Affix ear identifica-
tion tags to aid identification of individual mice if required.

3.3. Cell Culture
1. Suspend 2.5 × 106 cells of the cell line of interest in 50 mL RPMI/PS/10%FCS and trans-

fer to a 150-cm2 tissue culture flask. Place in a 5% CO2 humidified incubator at 37°C.
2. Allow cells to grow to confluence, feeding twice per week by aspirating the spent media,

washing with 20 mL PBS, and then adding 50 mL fresh tissue culture media .
3. When cells become approx 80% confluent, remove spent tissue-culture media, and wash

cells in 10 mL PBS. Remove excess PBS.
4. Add 5 mL trypsin/EDTA to each flask and place in the incubator until the cells have

become detached (see Note 6).
5. Transfer cell suspension to a sterile universal container using a sterile pipet; pour 20 mL

RPMI/PS/10%FCS (to deactivate the trypsin) into the flask in order to wash and then
pool the media with the cell suspension in the Universal container (total volume 25 mL).

6. Centrifuge at 600g for 5 min.
7. Pour off the media and resuspend the pellet in 5 mL RPMI/PS/10% FCS. Syringe with a

21-gage needle (X3) to break up the pellet and then make up to 25 mL with RPMI/PS/
10% FCS. Aliquot 5 mL into each of five 150-cm2 flasks (1 in 5 split) and add a further 50
mL of media. Replace in incubator.

8. Repeat splitting process (Subheading 3.3., steps 3–7) until sufficient cells are available
for inoculating into the desired number of mice.

3.4. Preparation and Delivery of Inoculations
1. Harvest cells as described in Subheading 3.3., steps 3–6.
2. Resuspend pellet in 5 mL RPMI/PS (no FCS from this point on).
3. Syringe the cell suspension with a 10-mL syringe plus a 21-gage needle (X3) to remove

clumps—make up to 25 mL with RPMI/PS.
4. Count total number of cells using a hemocytometer.
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5. Prepare a suspension of cells at a concentration of 4 × 106 cells per 250 µL.
6. Allow cells to sit on ice for 5 min to chill.
7. Remove desired number of aliquots of Matrigel from freezer and allow to thaw out on ice.
8. Transfer 250 µL of cell suspension to the sterile microcentrifuge vials containing 250 µL

of Matrigel (test) or 250 µL RPMI/PS (control), giving a final volume of 500 µL.
9. Close all microcentrifuge lids and transfer the cell suspension (on ice) to the inoculation

site.
10. Place all syringes and needles on ice to chill for 5 min prior to inoculation (see Notes 4

and 5).
11. Gently mix tubes before drawing Matrigel/cell suspension up into the syringe.
12. Inoculate all mice in the flank (see Note 7), being careful to prevent back-spill when the

needle is removed. Apply a preparatory aerosol sealer if back-spill becomes a problem
(see Note 8). Make one inoculation on each side of the mouse, allowing each animal to
have its own negative control if required.

13. Mice are maintained in open filter-box cages and measurements made twice per week
using callipers.

4. Notes
1. FCS must be heat-inactivated prior to use by heating in a water bath for 30 min at 56°C.

It can then be placed in 55-mL aliquots and stored at –20°C.
2. Matrigel is shipped frozen and should be stored at –20°C until ready for use. However, it

naturally polymerizes as the temperature rises above 4°C. Since this polymerization is
nonreversible, once removed from the freezer Matrigel must be kept on ice at all times
prior to inoculation.

3. Although Matrigel is commercially available from more than one supplier, some sources
are better than others—some are completely ineffective. We would therefore recommend
that Matrigel is initially obtained from the source cited.

4. Since tissue culture requires aseptic technique, and Matrigel must be kept on ice at all
times, the most practical way of achieving both requirements is to obtain a large shallow
polystyrene box that can be filled with ice and then placed into the tissue culture hood.
All preparatory manipulations involving Matrigel can then be conducted on ice within a
sterile environment.

5. To prevent Matrigel polymerizing within the barrel of the syringe during inoculation,
chill all tubes, tips, syringes, and needles prior to use.

6. The time interval for cells to become detached from the plastic is dependent on the cell
line being used but is usually in the order of 5–10 min.

7. There is evidence that better take-rates are often obtained if the inoculations are made
into the mammary fat pad of the mice (26), but this was not evident to us, probably
because the mouse fat pad is small in relation to the large volumes being introduced.
Therefore, mice were simply inoculated subcutaneously.

8. It is possible that the cell suspension can leak out of the inoculation site when the needle
is removed, probably as a result of the relatively large volumes (500 µL) being intro-
duced. A preparatory aerosol sealer can be applied in order to seal the wound and retain
the cell suspension if this becomes a problem.
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Coculture of Prostate Cancer Cells

Shona H. Lang and Norman J. Maitland

1. Introduction
1.1. In Vitro Culture of Human Primary Prostatic Cells

The progression of prostate cancer is accompanied by the breakdown of normal
epithelial-ductal architecture. This breakdown is attributable to the loss of normal
homeostatic interactions between the epithelial and stromal compartments of pros-
tatic tissue. Complex in vitro models, unlike basic monolayer cultures, are capable of
representing several cellular compartments and 3D glandular architecture to study
these processes. Such models complement existing animal models because they are
less complex than a whole animal and therefore more easily manipulated. Moreover,
employing human primary cell cultures for in vitro models is likely to be more infor-
mative than studying animal cells or systems, particularly in the prostate where orga-
nogenesis may differ between mouse and human.

This chapter describes the isolation of epithelial and stromal cells from human pri-
mary tissue and its subsequent use in producing acinus-like structures (or spheroids) in
basement membrane gels, illustrated in Fig. 1. Basement membrane preparations can
maintain both epithelial morphology and the expression of tissue specific genes in vitro
(1,2). The ability to coculture epithelia with stromal cell compartments further
enhances epithelial differentiation (3,4) and moves closer to a physiologically relevant
model. In particular, stromal coculture increases cellular polarization and enhances
tissue specific gene expression (see Fig. 1; ref. 4). The basic model described in this
chapter can be manipulated to study the effects of coculturing cells from normal or
cancer-derived tissues, with or without any number of growth factors or hormones.
The method assumes the reader has a basic knowledge of cell culture techniques.

2. Materials
All media listed should be stored at 4°C, and warmed to 37°C before use unless

otherwise stated.
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2.1. Preparation of Human Prostatic Cell Cultures
1. Transport medium: RPMI 1640 culture medium, 5% fetal calf serum (FCS) (v/v), 1%

antibiotic/antimycotic solution (v/v).
2. Collagenase solution: RPMI 1640 culture medium, 200 U/mL collagenase type I, 1%

FCS (v/v).
3. Washing medium: phosphate buffered saline (PBS), 1 mM EDTA, 1% bovine serum al-

bumin (BSA) (w/v).
4. Trypsin solution: washing medium, 0.1% trypsin (w/v).
5. Epithelial cell culture medium: keratinocyte serum free medium, 5 ng/mL epidermal

growth factor, 50 µg/mL bovine pituitary extract, 2 mM glutamine, 1% antibiotic/antimy-
cotic solution (v/v).

6. Stromal cell culture medium: RPMI 1640 culture medium, 10% FCS (v/v), 2 mM
glutamine, 1% antibiotic/antimycotic solution (v/v).

2.2. Coculture in Matrigel
1. 0.4-µm Cell culture inserts (Millipore PIHP, cat. no. 01250).
2. BD Matrigel™ (Becton Dickinson, Oxford, UK, cat. no. 354234).
3. 5-mL Round bottom tubes (Falcon, cat. no. 352058).
4. Coculture growth medium: epithelial cell culture medium, 2% FCS.

Fig. 1. Acinus-like spheroids produced by coculture of prostatic epithelia and stromal
cells. (A) Phase contrast of a epithelial spheroid. Bar measures 80 µm. (B) 1-µm sections of
a spheroid stained with toluidene blue. The acinus-like nature of the spheroids is evident;
they will develop one or two epithelial layers of cuboidal/columnar cells. (C) Detection of
prostate specific antigen (PSA) by confocal microscopy of a columnar epithelium. Intense
luminal membrane staining indicates PSA secretion becomes polarized towards the spheroid
lumen (L) away from the basement membrane (BM). n, nucleus. (D) Transmission electron
microscopy of columnar epithelia from the spheroid depicted in B. In the presence of stromal
coculture the epithelia show increased luminal polarization of secretory vesicles and Golgi
apparatus. In addition, tight and desmosomal-like junctions form between adjacent cells.
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2.3. Preparation of Spheroids Grown in Matrigel for Further Analysis
1. OCT Compound (BDH, Poole, UK, cat. no. 36160 3E)
2. Super frost microscope slides (BDH, cat. no. 406 0179 00)
3. BD Matrisperse™ (Becton Dickinson, Oxford, UK, cat. no. 354253).
4. 40-µm Cell sieve (Falcon, cat. no. 2340)
5. Electron microscopy fixative: 100 mM phosphate buffer, pH 7.6, 4% paraformaldehyde

(w/v), and 2.5% Ultrapure glutaraldehyde (v/v).

3. Methods

3.1. Preparation of Human Prostatic Cell Cultures

3.1.1. Precautions for Handling Human Tissues
1. It is recommended that workers are vaccinated against hepatitis B infection. Tissue

samples from any patients known to have or suspected of hepatitis B or HIV infections
should not be used.

2. Keep detailed records of all tissue samples used. For example, note the patient number or
tissue number allocation, date of operation, hospital of origin, name of clinician supply-
ing the tissue, name(s) of people handling tissue, how the tissue was used.

3. Use class II flow cabinets and disposable tissue culture equipment. All discarded biologi-
cal samples or contaminated equipment should be treated with a suitable disinfectant (for
example, virkon) or autoclaved, followed by incineration.

3.1.2. Prostate Tissue Collection
1. Obtain full patient consent and ethical permission before using human tissue for experi-

mentation.
2. Obtain nonmalignant tissues from patients undergoing transurethral resection for benign

prostatic hyperplasia or cystoprostatectomy. Obtain malignant samples from patients
undergoing transurethral resections or radical prostatectomy for prostate cancer.

3. Store 30-mL tubes containing 15 mL of transport medium at 4°C in proximity to the
operating room. Collect tissue samples and immediately place them into the medium
(see Note 1). Collect tissue and process within 24 h (see Note 2).

4. Divide all samples into two parts, send half for histopathological analysis to confirm
tissue and disease status, and half is used for culture (see Note 3).

3.1.3. Digestion of Prostate Tissues
1. Weigh tissue.
2. Empty tissue onto a sterile Petri dish. Remove any collagenous material or burnt areas

using a disposable scalpel and sterile forceps (if the tissue has suffered heat damage dur-
ing resection). If the sample is from a tumor, take care dissecting any apparent tumor
nodules from the surrounding normal tissue. Slice the remaining tissue into 1–2-mm3

cubes (see Note 4).
3. Place tissue into a sealed and sterile conical flask containing 8 mL collagenase solution

per gram of tissue. Place the flask in a shaking 37°C incubator overnight (see Note 5).
4. Pipet the digested solution until all visible lumps have disappeared, then centrifuge the

solution for 5 min at 800g.
5. Add 20 mL washing medium to the pellet and pipet until lumps disappear again. Centri-

fuge as before.
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6. Add 20 mL trypsin solution to the pellet, break up the lumps with a pipet, and place into
a fresh conical flask. Place in shaking 37°C incubator for 30 min. This step helps to break
down the protein debris and is essential if you aim to use the final preparation of a single
epithelial cell suspension rather than an explant culture.

7. Pipet the digested solution until all visible lumps have disappeared, then centrifuge the
solution for 5 min at 800g. Repeat this step two times or more or until the supernatant
becomes clear.

8. Resuspend the pellet into 20 mL epithelial cell medium, pipet until all lumps disappear,
and then centrifuge at 360g for 30 seconds (s).

9. Carefully remove the supernatant into a separate tube; this represents a fraction enriched
for stromal cells, while the pellet is enriched for epithelia.

3.1.4. Stromal Cell Culture
1. Centrifuge the stromal supernatant prepared in Subheading 3.1.3., step 9 for 5 min at

800g. Resuspend the pellet in 20 mL of stromal cell media and again centrifuge for 5 min
at 800g.

2. Resuspend the pellet in 20 mL of stromal cell medium and seed one 75-mL tissue culture
flask per 2 g of original tissue (using 10 mL stromal cell medium per flask).

3. Feed stromal cell cultures weekly by the removal of 5 mL spent medium and the addition
of 5 mL fresh medium. Cultures take 2–4 wk to become confluent (see Note 6).

4. After one or two passages these cultures will contain 95–100% fibroblasts and 5–40%
smooth muscle cells. Stroma derived from nonmalignant tissue will grow for 6–15 pas-
sages, while stroma from malignant tissues will only grow for 2–6 passages.

3.1.5. Epithelial Cell Culture
1. Take the epithelial pellet prepared in Subheading 3.1.3., step 9 and resuspend in 20 mL

epithelial cell growth medium. Pipet until all lumps have disappeared, then pass the cell
solution through a 19-gage needle to disrupt any small lumps.

2. Place a 40-µm cell sieve onto a 50-mL tube and pass the cell solution through. The cellu-
lar debris left on the sieve is used to grow explant cultures, while the cells that have
passed through the sieve provide a single epithelial cell solution.

3. Explant cultures are grown by seeding the cellular debris into one 25-mL flasks per 2 g
original tissue (use 6 mL epithelial growth medium per flask). Confluent epithelial cul-
tures generally form between 5–14 days (d) and are then used for further experimentation.

4. The number of viable epithelial cells (large and phase bright) in the single cell solution is
counted using a hemocytometer (see Note 7). A cell count of 1–2 × 106 cells/4 g tissue is
usually obtained. At this stage, the epithelia are stored by freezing in liquid nitrogen for
use as required (see Note 8).

3.2. Coculture in Matrigel
The setup of these cultures is illustrated in Fig. 2 (see Note 9).

1. Place the required number of 0.4-µm cell culture inserts into 24-well tissue culture plates.
2. A subconfluent stromal culture (between passages 2 and 5) is trypsinized and counted.
3. A single cell solution is prepared in stromal cell medium to a concentration of 105 cells/

mL.
4. Plate 0.5 mL of the cell suspension into the inserts and 0.5 mL of stromal cell medium

into the surrounding well. Allow the cultures to adhere and grow for 2–3 d.
5. Thaw sufficient aliquots of Matrigel on ice from frozen stocks (–20°C).
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6. Place 5-mL round bottom tubes, 1-mL syringes, and 24-well culture plates on ice or into
a fridge to cool (see Note 10).

7. A 5–14-d explant culture is trypsinized and counted.
8. Prepare a single cell solution in coculture medium to a concentration of 6 × 104 cells/mL

(see Note 11) and place on ice.
9. Place a 5-mL round bottom tube on ice and add an equal volume of epithelial cell solution

to Matrigel. Slowly mix the two solutions using a 1-mL syringe to avoid producing air
bubbles.

10. Carefully place the cell/Matrigel mix into 0.25–0.5-mL aliquots and place into the required
number of wells of a 24-well plate.

11. Gently tap the plate to ensure the solution in the wells is evenly coated (see Note 12).
Avoid plating more than ten aliquots at once to ensure that even coating and setting of the
Matrigel occurs.

12. Incubate the 24-well plate for 30 min at 37°C to set the Matrigel.
13. Wash the inserts containing the stromal cultures twice using 0.5 mL of epithelial growth

medium inside the well and 0.5 mL to the well.
14. Once the Matrigel has set, add 0.5 mL coculture medium to each well and then add an

insert with stromal cells to the top of this. Add an additional 0.5 mL coculture medium to
the inside of the insert.

15. The cultures medium is changed every 3 d by the removal of 0.5 mL of spent medium and
the addition of 0.5 mL of fresh medium.

16. Grow cultures for 1–2 wk before further analysis (see Note 13).

3.3 Preparation of Spheroids Grown in Matrigel for Further Analysis
3.3.1. Preparation for Fluorescent Immunostaining

1. Remove spheroids in Matrigel from 24-well plates by loosening the gel with a scalpel
blade and lifting the gel using a spatula.

2. Cups formed from aluminium foil (diameter 1–2 cm and height 3–4 cm) are filled with
OCT Compound to a depth of 0.5 cm. Place this in liquid nitrogen until almost frozen, at
which point remove and add the gel sample to the unfrozen OCT compound. Add addi-

Fig. 2. The arrangement of components for a coculture within one well of a 24-well plate.
The growth of a spheroid from a single cell (time course is usually 1 wk). Redrawn from Lang
et al. (4).
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tional OCT compound to the gel sample in the cup until it is covered and return to the
liquid nitrogen until all is snap frozen.

3. Mount embedded gels in a cryostat and cut and mount 7-µm sections on Superfrost
microscope slides. Leave these overnight at room temperature to allow the sections to
adhere properly.

4. Store embedded gels or slides airtight at –20°C until use.
5. For immunofluorescence, observe the best results using the unfixed samples.

3.3.2. Release of Spheroids and Cells from Matrigel

Release spheroids or single cells from culture in Matrigel for reculture or molecular
analysis. Carry out the following method on ice using medium and equipment pre-
cooled to 4°C.

1. Remove culture medium from spheroids grown in Matrigel and wash three times within
the 24-well plates using 0.5 mL PBS.

2. Add 0.5 mL of MatriSperse (Collaborative Biomedical/Becton Dickinson) per well.
3. Scrape the cell and matrix into a 15-mL tube sitting on ice.
4. Wash the empty well twice with 1 mL MatriSperse and add the washes to the tube.
5. Invert the tube several times to mix and leave on ice for 1 h. Apply further mixing at

intermittent periods.
6. Centrifuge the cell matrix solution at 360g for 5 min at 4°C.
7. If gel is still apparent in the pellet, repeat steps 2–6. Gently wash the cell pellet twice

more using PBS once the gel has dissolved.
8. At this stage, the majority of epithelia remain as spheroids, which can be used as

required. If single cells are required, the pellet is spun down and resupended in 5 mL of
1% trypsin (w/v).

9. The trypsin and cell solution is placed in a 37°C shaking incubator for 5–10 min.
10. The cells are centrifuged at 800g for 5 min.
11. The cell pellet is resuspended in 10 mL coculture medium and passed through a 40-µm

cell sieve placed on a 50-mL tube.
12. Place the collected cells on ice and use as required.
13. A cell count is required to check that a single cell solution has been produced and to

measure cell viability.

3.3.3. Fixation of Cultures for Transmission Electron Microscopy
1. Remove culture medium from spheroids grown in Matrigel and wash three times within

the 24-well plates using 0.5 mL PBS, pH 7.6.
2. Fix for 1 h at room temperature in prepared fixative.
3. Using standard techniques, dehydrate fixed cultures and embed within the 24-well plates

before removal for sectioning. For additional methods see Allen and de Wynter (7).

4. Notes
1. The use of tissue from patients treated with either catheters or antibiotics should be

avoided since these tissues often yield cultures that carry microbial contamination.
2. Tissues can be stored for several days and still yield good cellular growth in culture.

However, the best cell growth is achieved with fresh tissue (less than 24 h storage). In
addition, consistent results are likely to be achieved between cultures from different
patients if a set time from operation to experimentation is adhered to.
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3. Samples that are large in size and from younger patients (generally under 65 yr old for
prostate samples) provide the best in vitro cell growth.

4. At this stage, it is worth checking the sterility of the tissue. This can be done by adding a
sample of tissue to equal volumes of used transport medium and bacteriological nutrient
broth. Place this mixture in a 37°C incubator overnight. Any contamination should cause
the medium to go cloudy.

5. A minimum of 6–8 h is usually required.
6. A precise count can be made by labeling the cells with cytokeratin and doing fluores-

cence-assisted cell sorter (FACS) analysis. This requires a large sample if you intend
to use the same sample for additional experimentation. A cell suspension prepared as
described contains 30–80% epithelia. In our experience, the majority of other cells are
red and white blood cells. Epithelia can be further isolated if required using a variety of
techniques, such as, magnetic cell sorting.

7. Although subconfluent explant cultures are routinely used to establish cocultures, it is
useful to prepare frozen stocks of epithelia, so that several samples can be compared at
once in the presence of a particular stromal culture or growth factor.

8. It is advantageous to produce a large frozen stock of stromal cultures that grow well and
at a low passage number. This allows analysis of many epithelial samples against one
standard stromal culture. It is also worth characterizing the stromal cultures for the pro-
portion of fibroblast and smooth muscle cells (6).

9. Variation in spheroid size, morphology, and growth will occur between different primary
epithelial cell cultures. Cell lines can be used to replace the primary cell cultures
described here; however, the method described has been optimized for primary cells.
Fibroblast cell lines can be substituted for the stromal cultures without altering the
method. Epithelial cell lines often require different coculture medium, in most cases the
cell lines’ normal growth medium is the best supplement. Not all epithelial cell lines will
form hollow-acinus-like spheroids; some form solid cell masses (2,5).

10. It is useful to prepare 0.5-mL and 1-mL aliquots of Matrigel to prevent multiple freeze-
thawing. In addition, it is useful to purchase large batches of Matrigel at one time to
ensure sufficient quantities of the same batch for many experiments. A note of the
Matrigel batch number should be kept along with laboratory notes in case of discrepan-
cies occurring between different batches.

11. Explant cultures consistently grow better than freshly isolated single epithelia cell prepa-
rations. If using frozen stocks of epithelia, these should be pregrown like the explant
cultures in a tissue culture flask for 5–14 d, until a healthy growth is observed in coculture.

12. It is best to use small volumes of Matrigel solutions (less than 5 mL) as this prevents the
gel setting prematurely within either the plates, syringe, or tubes.

13. Analysis of spheroids is most informative between weeks one and two. The morphol-
ogy of the epithelia is most accurate during this period, as over time, the spheroids age
and the epithelia lose their columnar appearance becoming less polarized and adopt a
more cuboidal/flattened appearance. Spheroids have been grown for 2–3 mo, after
which time the cellular structures start to breakdown the Matrigel, and thus would not
be useful beyond such time points.
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Coculture of Ovarian Cells
Using Porous Tissue Culture Inserts

Katherine E. Snow and Simon P. Langdon

1. Introduction
Interactions between epithelial and stromal cells are critical to the development and

maintenance of tissue development. Some of these interactions can be modeled using
coculture systems. Published studies have described experiments in which ovarian
carcinoma cells were cultured separately from fibroblasts but could interact (1,2) and
also where the two populations have been mixed and cultured together (3,4). These
studies have investigated the paracrine regulation that carcinoma cells can exert on
tenascin secretion from fibroblast cells (1) and the effects that endothelins secreted by
carcinoma cells can have on both the carcinoma and fibroblast cells (2). Ovarian can-
cer cells have been shown to regulate the production of the matrix metalloprotease
MMP-9 in monocytes (3) and enhance release of MMP-2 from fibroblasts (4). The
cells can be cocultured as a mixture of two (or more) populations or kept physically
separate by the use of special porous tissue culture inserts. These inserts provide a
means of investigating contact-independent modulation of cell behavior. The inserts
have a high density of pores to allow diffusion of soluble factors.

The method described here involves the coculture of ovarian cancer cell lines with
primary ovarian fibroblasts cultured from ascitic fluid.

2. Materials
1. Cell culture medium: Dulbecco’s modified Eagle’s medium (DMEM) supplemented with

L-glutamine (2 × 10–3 M), 10% fetal calf serum (FCS), 100 U/mL penicillin and strepto-
mycin (100 µg/mL).

2. Phosphate buffered saline (PBS).
3. Trypsin/EDTA.
4. For serum-free conditions: DMEM plus HITS (10 nM hydrocortisone, 5 µg/mL insulin,

10 µg/mL transferrin, 30 nM sodium selenite).
5. Tissue culture plastics: porous tissue culture inserts, 24-well trays, tissue culture flasks

(see Note 1).
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6. Monoclonal antibodies: 5B5 (Dako) targets the β subunit of prolyl-4-hydroxylase and the
disulphide isomerase and reacts positively with fibroblasts. E29 (Dako) stains epithelial
cells while 2B11 (Dako) targets leukocyte common antigen (CD45).

3. Methods
Carry out all culture experiments under sterile conditions in an appropriate tissue

culture facility. Described following is a method for combining established ovarian
cancer cell lines with primary ovarian fibroblast cells.

3.1. Establishment of Primary Fibroblast Cells

The primary fibroblast cell lines are initiated from ascitic cells obtained from
patients with primary ovarian cancer.

1. Transfer freshly obtained ascitic fluid drained from the peritoneum of an ovarian cancer
patient at the time of paracentesis or staging laparotomy to a sterile environment, for
example, a class II hood (see Note 2).

2. Centrifuge the fluid for 20 min at 3000g and 4°C to produce a cell pellet. Remove the
fluid and wash the cells in PBS. Repeat the centrifugation step to pellet the cells.

3. Use the cells immediately or store them in liquid nitrogen (see Chapter 2) until required.
4. Rapidly thaw cryopreserved cells at 37°C and wash twice with cell culture media (centri-

fuging the cell pellet by using a 5-min spin at 600g).
5. Resuspend the cell pellet in 10 mL of cell culture medium supplemented with 10% FCS

and seed into 25-cm2 flasks.
6. Allow cells to adhere for 2–4 h; in this time period the fibroblasts will rapidly adhere to

the plastic substrate while few if any of the carcinoma cells will attach. Remove media
containing unattached cells, leaving a predominantly fibroblast population.

7. If primary cell lines are used it is essential that they are well characterized. This can be
done by examining the morphology of the cells and staining with appropriate antibodies
to check for specific contamination by other cell types. The 5B5 antibody will stain fibro-
blasts positively, while contamination with epithelial cells can be detected by the E29
antibody and leukocytes by the 2B11 antibody.

3.2. Maintenance of Cells and Cell Lines

Both the established ovarian epithelial cancer cells and the primary fibroblast lines
are cultured at 37°C in an atmosphere of 5% CO2/95% air. Carry out regular passaging
of cells during routine culture to ensure cells remain at optimal viable density. It is
essential that both populations of cells are growing in the same media. Grow cells to
70% confluence before beginning a coculture experiment.

3.3. Coculture Using Porous Well Inserts

For coculture experiments, the fibroblast and epithelial populations are initially
cultured separately (see Fig. 1).

1. Trypsinize and count fibroblasts. Suspend in DMEM containing 10% (FCS).
2. Place fibroblasts into the wells of 24-well plates at an appropriate cell density for the

length of time to be cultured. For growth experiments over a 5 day (d) duration use 5 ×
104 cells/well and for more rapid assays, such as measurement of protein secretion over
48 h, use 2× 105 cells/well.
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3. Remove the insert from its sterile packaging using forceps, taking care not to contami-
nate the insert or pierce its membrane. Inserts have a variety of pore sizes. Sizes of 0.4
and 3.0 µm are sufficiently small to prevent cell transfer.

4. Plate ovarian epithelial cancer cell lines into the inserts (2.5 × 104 cells/insert for 5-d
culture and 2 × 105 cells/insert for 48-h culture), and place into separate wells containing
tissue culture media.

5. Culture the two populations separately for 24 h in media containing FCS to allow attach-
ment.

6. After 24 h, wash the cells to remove any trace of serum if serum-free conditions are
required. For example, in experiments exploring the production and secretion of proteins
or the effects of paracrine regulation of growth, it is desirable to work in serum-free
conditions. Medium supplemented with HITS replaces the serum-containing medium for
12–16 h.

7. Carefully transfer the inserts into the wells containing the fibroblast cells and add fresh
media to the well and the insert. The wells should contain a volume of 500 µL and the
inserts contain 300 µL (see Note 3).

8. To measure growth, coculture the cells for periods of time up to 5 d before trypsinizing
and counting in a Coulter counter or hemocytometer. To measure protein secretion, col-
lect media from the wells after 48 h and assay by specific ELISA (see Note 4).

4. Notes
1. Several suppliers including Nunc and Costar make Transwell inserts.
2. Treat all ascitic samples with care and carry out all sterile procedures within class II

containment facilities.
3. Add specific inhibitors to the culture system in order to block possible interactions,

thereby identifying the paracrine factors causing the effects seen.

Fig. 1. Coculture system used. Fibroblast cells are initially cultured in the wells and ovarian
cancer cells within inserts in serum-containing medium. Inserts are then placed into the wells
containing cells for coculture and either serum-free or serum-containing conditions can be used.
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4. This system of culture is suitable for investigating the effects of soluble factors on numer-
ous aspects of cell behavior and function. RNA can be prepared from either population of
cells to investigate the levels of mRNA for specific genes of interest by PCR. Protein
lysates can be prepared for use in Western blotting experiments or ELISA.
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Cell Culture Contamination

An Overview

Simon P. Langdon

1. Introduction
For the cell culturist, two types of contamination require careful monitoring and

constant vigilance: the contamination of cell cultures with microbiological organ-
isms and the contamination of one cell line with another. Both forms of contamina-
tion are extremely prevalent and cannot be underestimated. Neither type can be
eliminated, only controlled and managed to minimize the possibility of occurrence.
Contamination consequences can range from minor inconvenience (a flask of cells
becoming contaminated with bacteria) to a major disaster (published results that may
be invalid owing to cross-contamination of one cell line with another). Other types
of contaminants, such as chemical contamination, may also cause problems (e.g.,
deposits of disinfectants or detergents on glassware; residues, impurities, and toxins
in water, media or sera), but the common recurring problems are likely to be biologi-
cal in origin.

2. Microbial Contamination
The major microbial contaminants in cell culture are mycoplasma, bacteria, fungi,

yeasts, and viruses (see Table 1). Sources of contamination include the cells them-
selves, (e.g., for viruses and mycoplasma), the media or serum, poor aseptic tech-
nique, and airborne contamination. Even when excellent aseptic technique is in place,
it is essential to monitor and test for contamination. In general, bacteria, yeasts, and
fungi are easy to detect while mycoplasma and viruses are more difficult (Table 2). In
the absence of antibiotics, they will grow rapidly; however, if antibiotics are routinely
used, low level infections may develop that may be more difficult to observe.

2.1. Mycoplasma
Mycoplasmas are the smallest prokaryotes (approx 0.3–0.8 µm diameter) and their

presence is generally not obvious in cultures either macroscopically or microscopi-
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Table 1
Tissue Culture Contaminants

Contaminant General indications Microscopic appearance Common source

Bacteria pH change Fine granules Cell culturist
Turbidity/cloudiness Water bath
Precipitation

Yeast Cloudiness Oval organisms Airborne
PH change Budding/chains

Fungus Spores Thin spores Airborne
Furry growths
PH change

Mycoplasma Often covert — Cell culturist
Poor cell adherence Other cell lines
Reduced growth

Virus Sometimes cytopathic — Serum
Cell lines

cally. Screening in the United States by the Food and Drug Administration for over 30
yr indicated that of 20,000 cell cultures examined, over 3000 (15%) were contami-
nated with mycoplasma (1). In studies conducted in Japan and Argentina, incidence
rates of mycoplasma contamination of 80% and 65% respectively have been reported
(1). It is likely that laboratories that do not routinely screen and eliminate sources of
mycoplasma will be rife with the organism and may have all cell lines contaminated.
Contaminating organisms include members of both the Mycoplasmataceae (Myco-
plasma) and Acholeplasmataceae (Acholeplasma) families, and although at least 20
distinct species have been isolated from continuous cell lines, the most common spe-
cies include M. fermentans (human), M. orale (human), M. arginini (bovine), and A.
laidlawii (1). The major sources of mycoplasma contamination are incoming cell cul-
tures or cell lines, sera, or human contact (poor aseptic technique).The level of con-
tamination can reach densities of 106 to 108 organisms/mL. The consequences of
mycoplasma contamination on any individual cell line or culture are often difficult to
predict but can include effects on growth rates (2), chromosome aberrations (1,3),
nucleic acid and amino acid synthesis, and metabolism (4–6), and membrane alter-
ations (7). Their presence can also modulate the effects of viruses (1) and influence
results of techniques such as the MTT assay (8).

Many methods of detecting mycoplasma contamination have been described, and
each has advantages and disadvantages with respect to cost, time, reliability, specific-
ity, and sensitivity. These include culture methods, DNA staining techniques, immu-
nological methods, transmission electron microscopy, nucleic acid hybridization, and
polymerase chain reaction (PCR) identification. Traditionally, the two most widely
used methods of detection involve staining with Hoescht 33258 (6) and microbiologi-
cal culture. The Hoeschst 33258 dye binds to DNA producing fluorescence that can
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be observed by fluorescence microscopy. Mycoplasma-infected cultures will demon-
strate extranuclear staining. An indicator cell line is often used, which allows for a
level of standardization. Culture techniques are more sensitive but can take several
weeks and require more expertise. Furthermore, certain mycoplasmas do not grow
readily and may be overlooked. With the widespread use of PCR technology in most
cell and molecular biology laboratories, a very sensitive, specific, and rapid option
has now become available and an example of this method is described in Chapter 31.
The target choice for primer design is the 16S rRNA. Use of size determination of
PCR fragments, together with restriction enzyme analysis, can allow detection of spe-
cies-specific sequences.

The elimination of mycoplasma is not straightforward and several approaches
using antibiotics are described in detail in Chapter 32. This may be the only option
for rescuing unique samples that have become infected. For cultures that cannot be
returned to previous or frozen stocks, this is the normal course of action. In addition
to applying appropriate aseptic technique, a number of simple precautions will help
minimize mycoplasma contamination. Cells should be tested for mycoplasma at fre-
quent intervals if they are to be maintained in long-term culture. Ideally cell lines
should only be cultured for a limited number of passages before returning to frozen
stocks. Cell lines imported into a laboratory should be quarantined until verified
mycoplasma-negative.

2.2. Bacteria
Bacteria are another widespread cell culture contaminant. These are usually intro-

duced through poor aseptic technique and are often first recognized in culture medium.
A downward shift in pH (yellow with phenol red as indicator) with aerobic bacteria
and an increased turbidity or cloudiness will be evident. Microscopic inspection indi-
cates many fine granules if there is gross contamination (Fig. 1A). This should be
distinguished from cell debris, media, or sera precipitates. Under high magnification,
several principal forms of bacteria can be distinguished including cocci (round-
shaped), bacilli (rod-shaped), and spirilla (spiral-shaped). Movement may also be
observed. To detect lesser levels of contamination, media from the suspect cells is
cultured and observed for the growth of colonies in antibiotic-free media for 2–3 wk.

Table 2
Methods to Identify Contaminants

Mycoplasma Bacteria/fungi Viruses

PCR Microbiological culture PCR
DNA fluorescence Transmission electron microscopy
Microbiological culture Immunodetection
Transmission electron microscopy Hemadsorption
Nucleic acid hybridization
3H-Thymidine
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Good aseptic technique should avoid contamination with bacteria. One of the major
sources of bacterial contamination is the water bath used to warm media and sera
before use.

Once recognized, contaminated flasks should be discarded immediately and new
stocks used to regenerate the cell culture. If the culture is unique and irreplaceable,
then antibiotics may be able to eliminate the bacteria. It may be necessary to try sev-
eral antibiotics to find an effective one, and when one has been identified, the culture
should be maintained in the presence of antibiotic for a number of subcultures. Eradi-
cation of the contaminant should be confirmed by testing cell-conditioned media anti-
biotic-free media. There is divergence of opinion as to whether antibiotics should be
used routinely in cell culture. If they are added, they will reduce the incidence of
bacterial infection but resistant organisms may appear. Penicillin and streptomycin
are widely used in combination.

Fig. 1. Microscopic appearance of bacteria and fungus, (A) bacteria, (B) fungus.
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2.3. Fungi
Fungi (molds) routinely appear as a contaminant either as thin filamentous mycelia

or as clumps of spores (Fig. 1B). In their advanced stages, they can take over a culture
as furry growths that can vary in color from white to black. Fungi are ubiquitous in the
environment and generally enter cultures via the air. Seasonal changes, air-condition-
ing, and heating can all have a major effect on levels in the atmosphere. Antimycotics
such as amphotericin B (Fungizone) and mycostatin (Nystatin) can be used to treat
essential cultures if the fungus is not too advanced.

2.4. Yeast
Yeasts characteristically appear as small oval shaped organisms that are substan-

tially smaller than mammalian cells. They can be seen “budding” from other yeast
particles in short chains. Eventually these chains will form multibranches. Yeasts gen-
erally infect cell culture materials by airborne routes and are transferred easily by
contact. Mycostatin (Nystatin) can be used to treat essential cultures in early stages of
infection.

2.5. Viruses
Viruses are the most difficult contaminants to detect, but unless they are cytopathic

may have little effects on their host cells. Viral contaminants have been detected in
bovine serum intended for use in tissue culture and in cell lines including bovine viral
diarrhea virus (BVDV), bovine herpes virus (BHV), bovine parainfluenza-3, and epi-
zootic hemorrhagic disease (9). Because BVDV was widely present in serum, it may
be present in many cell lines unless the cultures have been grown in rigidly tested sera
or sera of nonbovine origin. A variety of methods have been used to identify viruses,
including identification of cytopathic effects in susceptible cells, hemadsorption, elec-
tron microscopy, and immunofluorescence, but more recently PCR-based techniques
have been developed to detect these contaminants (9). Some ATCC human cell lines
are known to contain Epstein-Barr virus, human T cell leukemia virus, and hepatitis
virus, and this information is available in their catalogue and data sheets. Their pub-
lished recommendation is to use caution when handling any human cell line and to
regard it with the same level of biosafety caution as a line known to carry human
immunodeficiency virus.

The possible hazard from bovine spongiform encephalopathy (BSE) has become a
concern over the last few years and although the risk for tissue culture workers from
fetal calf serum (FCS) contamination may be trivial, some regulatory authorities now
insist that FCS used for culture should be obtained from countries where BSE has not
been diagnosed. Therefore, countries such as the USA will only allow import of cells
cultured in serum from BSE-free areas.

2.6. Sources of Contamination
There are many different entry points for contaminants into the culture system. The

first is via tissue culture materials. Sterilize all plastics and glassware prior to use and
although many plastics are sterilized commercially, care should be taken when pack-
ages are unsealed. Similarly, tissue culture liquids, such as media, sera, and washing
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solutions should be filter sterilized. When bottles are opened, frequent observation
and monitoring is required to check that the liquid is not infected. All equipment
entering the tissue culture cabinet should be sprayed with 70% ethanol or an alterna-
tive disinfectant (e.g., dilute hypochlorite or 1% benzalconium chloride). One major
source of contamination are the still damp external surfaces of bottles taken from
water. These should be sprayed well with ethanol, as should tissue culture flasks that
have been used for some period of time, because they are effective at attracting fungi
to their external surfaces. A dirty lab coat is another excellent source of contamina-
tion. Working within the sterile environment of the cabinet, care should be taken to
avoid constant or unnecessary moving in and out of the hood. Aerosols should be
minimized as far as possible. Airborne contamination may also increase seasonally,
for example in spring and summer when pollen counts can be high and during con-
struction work when there may be an increased amount of dirt and dust. When spill-
ages occur, they should be cleaned immediately and incubators and cabinets should
be cleaned thoroughly at regular intervals. Minimizing personnel traffic in cell culture
rooms and reducing the opening and closing of incubators reduces the probability of
spreading microorganisms. Finally, one of the common means of transferring infec-
tions is via the transfer of cell lines into a laboratory from another location. Cell lines
new to a laboratory should be quarantined and treated with caution until proven free
of microorganisms, unless they have been confirmed free prior to transfer (for exam-
ple, if obtained from a cell bank).

2.6. Prevention of Microbial Contamination and the Use of Antibiotics
The cornerstone to preventing microbial contamination is the practice of aseptic

technique. The use of antibiotics in routine culture varies but is generally discouraged
for a number of reasons. First, good practice should make their addition unnecessary.
Although antibiotics may suppress infection, they may not eliminate the infection and
may permit resistant organisms to develop. Poor technique should not rely on assis-
tance from antibiotic use, and it is important to detect infection as early as possible.
Evidence to support this view was obtained in one analysis where 72% of cultures
grown continuously in antibiotics were shown to be mycoplasma-positive while only
7% grown in the absence of antibiotics were infected (1). Secondly, the antibiotics
may influence the biochemistry of the cultured cells, which may influence the experi-
mental endpoint. However, the short-term use of antibiotics may have useful strategic
value in a number of different situations. These include initial culture of primary
samples and also curing unique and essential contaminated samples. The latter will be
dependent on the extent of contamination and is only feasible if still at a relatively
early stage. In most instances, contaminated culture should be autoclaved.

2.7. General Procedure for Decontaminating Infected Cultures
For cultures that are considered unique and become infected, it may be feasible to

disinfect and eliminate the infection. Having established the type of infection (bacte-
rial, fungal, yeast, or mycoplasmal), a range of antibiotics are available to treat the
problem (see Table 3). As a higher concentration of antibiotic is likely to be more
effective, it can be worthwhile evaluating the antibiotic over a range of concentrations
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to establish a maximum tolerated concentration, i.e., a concentration that is just
subtoxic. Having established this concentration, culture infected cells for several (3–4)
passages in antibiotic to eliminate infection.

Cells should be cultured in antibiotic-free conditions for several passages and then
tested for the presence of infection. Repeat this process if the infection is not fully
eliminated.

3. Cell Line Cross-Contamination
The use of multiple cell lines in any laboratory leads to the possibility of contami-

nation of one cell line with another. The cross-contamination of cultures has plagued
many researchers, often leading to mistaken results, retractions of results, cover-ups,
and some out-and-out falsification of data and results following inadvertent use of the
wrong cells (10). The realization that this was not a trivial problem came initially in
the 1960s and 1970s with the observation that many cell lines had become cross-
contaminated with HeLa cells, the first established human cell line. This had
occurred to such a degree that a number of cell lines, such as KB, Hep-2, and INT407
were so cross-contaminated that it was unclear if the original cell line existed any
longer or had been replaced completely by HeLa. In 1967, Gartler, using isoenzyme
analysis reported that 20 human cell lines had been contaminated by HeLa cells (11).
Nelson-Rees and colleagues systematically investigated large numbers of cell
lines and demonstrated that widespread contamination of cell lines with HeLa had

Table 3
Commonly Used Antibiotic and Antimycotic Treatments

Responsive microorganisms

Reagent Working Conc Bacteria Yeast Fungus Mycoplasma

Amphotericin B 2.5 mg/L + – + –

Ampicillin 100 mg/L + – – –

Dihydrostreptomycin 100 mg/L + – – –

Erythromycin 100 mg/L + – – –

Gentamycin sulfate  50 mg/L + – – +

Kanamycin sulfate 100 mg/L + – – +

Neomycin sulfate 50 mg/L + –  – –

Nystatin 100,000 U/L – + + –

Penicillin G 100,000 U/L + – – –

Polymyxin B sulfate 50 mg/L + – – –

Streptomycin sulfate 100 mg/L + – – –

Tetracycline hydrochloride 10 mg/L + – – –

Tylosin tartrate 10 mg/L + – – +
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occurred (12–14). In 1977, this group demonstrated that of a series of 253 cultures
examined, 21 were of the wrong species and 15 were contaminated with HeLa (15).
Another contemporary study investigating 246 cultures showed that 14% of cultures
were contaminated with another species while 25% were of HeLa origin (16). In
1984, a study by Hukku showed that the situation had not improved and testing
of 275 cultures received by that laboratory for analysis indicated that 36% of cul-
tures were cross-contaminated: 25% by cells of another species and 11% by another
human line (17). In a study published in 1999 by investigators from the German
Collection of Microorganisms and Cell Cultures (DSMZ), analysis of 252 human
cell lines indicated cross-contamination in 45 (18%) of cell lines (18). This recent
report indicates that complacency about this issue still exists despite the ongoing
warnings of the dangers (19,20).

Most cross-contamination of this nature is the result of poor tissue culture tech-
nique and the culture of multiple cell lines at one time. In addition to accidental
mixing of cell lines, the use of pipets or media bottles for multiple cell lines and the
creation of aerosols can allow contamination to occur. As with microbial contamina-
tion, microscopic monitoring of cultures is likely to be the first indication of cross-
contamination, and the observation of mixed morphologies or changed growth rates
should alert the culturist to potential problems. A number of recommendations to
minimize the possibility of cross-contamination (19,21) include:

1. When new cell lines are derived, archive representative samples of the original tissue,
cells, or DNA for later authentication of stocks.

2. Disseminate cell lines from authenticated sources, such as cell collections if possible,
rather than transfer them frequently through multiple laboratories.

3. Cell lines transferred between laboratories should be confirmed free of mycoplasma, and
full information should accompany the cell line attesting to its authenticity.

4. Rapidly expand new cell lines to produce frozen stocks.
5. Treat changes in cell morphology and characteristics with suspicion.
6. Only one cell line should be used at one time when working in a microbiological safety

cabinet. After removal of the line, disinfect the cabinet and run for several minutes before
the introduction of another line.

7. Dedicate bottles of media for use with individual cell lines.
8. The formation of aerosols should be kept to a minimum.
9. After 3 months or 10 passages, discontinue the working cell line and obtain a new stock

of cells from liquid nitrogen storage.
10. All culture vessels should be carefully and correctly labelled.

Following these recommendations should minimize the risk of contamination.
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Detecting Mycoplasma Contamination
in Cell Cultures by Polymerase Chain Reaction

Cord C. Uphoff and Hans G. Drexler

1. Introduction
1.1. Mycoplasma Contaminations of Cell Lines

Contamination of cell cultures with bacteria, fungi, and yeasts represents a major
problem in cell culture. Whereas these microorganisms are easily detected during rou-
tine cell culture by the turbidity of the culture and observation under the inverted
microscope, one class of bacteria regularly evades detection. These bacteria belong to
the class of Mollicutes, commonly known as mycoplasma. Mycoplasma may persist
undetected in cell cultures for a long time without visibly affecting the culture. Never-
theless, mycoplasma can cause extensive alterations in the cell cultures (1).

The frequency of contamination is about 10–30% with pronounced variations in
series regarding the laboratory, type of cell culture examined, and the origin of the
culture, for example. The infecting mycoplasmas are limited to a few species of the
genera Mycoplasma and Acholeplasma with human, swine, and bovine as predomi-
nant natural hosts. The ubiquitous use of cell cultures and their transfer from one labo-
ratory to another has lead to widespread dissemination of such infections. 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 cul-
tures or cured with specific antibiotics (see Chapter 32). Only clean cultures should be
used for research experiments and for the production of biologically active pharma-
ceuticals. Additionally, stringent rules for the prevention of further mycoplasma con-
tamination of cell cultures should be followed (2).

1.2. Mycoplasma Detection
Polymerase chain reaction (PCR) provides a sensitive and specific option for the

direct detection of mycoplasma in cell cultures. PCR is useful for the routine screen-
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ing 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 advan-
tages 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 reactions are included in the PCR assay.

Some investigators have described the use of primer sequences that are comple-
mentary to highly conserved regions of the eubacterial 16S rRNA in order to detect
any bacterial contamination, either by PCR or reverse transcription PCR (RT-PCR).
Here, we describe the application of a mixture of oligonucleotides as primers for the
visualization of mycoplasma-specific sequences (3). The advantage of this specific
approach is that common airborne bacterial contaminations or contaminations that
may be present in solutions—those used for washing steps, DNA extraction, and the
PCR reaction—or may be introduced by other materials will not be detected and there-
fore not lead to false-positive results. Nevertheless, major emphasis should be placed
on the preparation of the template DNA, the amplification of positive and negative
control reactions, and the observance of general rules for the preparation of PCR
reactions.

To exclude inhibitors of the Taq polymerase that may be present in crude cell cul-
ture solutions (which sometimes cannot be eliminated by serial dilutions), it is impor-
tant that the DNA of the samples is extracted and purified. This can be achieved by
conventional phenol-chloroform extraction, column extraction, or by DNA binding to
matrix. To control the integrity of the PCR reactions and the preceding template prepa-
ration steps, it is also essential to perform the appropriate control reactions; including
internal, positive, and negative control reactions. The internal control represents DNA
containing the same primer sequences but with an additional stretch of interspersed
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 inhibiting components. The following  protocols detail an
established PCR method for monitoring potential mycoplasma contaminations in any
laboratory (4).

2. Materials
2.1. Sample Collection and DNA Extraction Buffers

1. Phosphate-buffered saline (PBS): 140 mM NaCl, 27 mM KCl, 7.2 mM Na2HPO4, 14.7 mM
KH2PO4, pH 7.2; autoclave.

2. 50X TAE buffer: 2 M Tris-base, 5.71% glacial acetic acetate (v/v), 100 mM EDTA, pH 8.0.
3. Wizard DNA Clean-Up System (Promega, Madison, WI, USA).
4. 80% Isopropanol (v/v).
5. Double-distilled water prewarmed to 80°C.
6. Disposable 2-mL syringes.

2.2. PCR Reaction
1. GeneAmp 9600 thermal cycler (Applied Biosystems, Weiterstadt, Germany).
2. Taq DNA polymerase (Qiagen, Hilden, Germany).
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3. 6X Loading buffer: 0.09% bromophenol blue (w/v), 0.09% xylene cyanol FF (w/v), 60%
glycerol (v/v), 60 mM EDTA.

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

5' primers: 3' primers:
cgc ctg agt agt acg ttc gc gcg gtg tgt aca aga ccc ga

       w    r
cgc ctg agt agt acg tac gc gcg gtg tgt aca aaa ccc ga
tgc ctg ggt agt aca ttc gc gcg gtg tgt aca aac ccc ga
         r
tgc ctg agt agt aca ttc gc
cgc ctg agt agt atg ctc gc
cgc ctg ggt agt aca ttc gc

Stock solution: 100 µM in dH2O, stored frozen at –20°C.
Working solutions: mix of forward primers at 5 µM each and mix of reverse primers
at 5 µM each, placed in 25–50 µL aliquots, and stored frozen at –20°C.

5. Internal control DNA: may be obtained from the DSMZ (German Collection of Micro-
organisms and Cell Cultures, Braunschweig, Germany). A limiting dilution should be
determined experimentally by performing a PCR with a dilution series of the internal
control DNA.

6. Positive control DNA: any mycoplasma-positive sample prepared as described below, or
may be obtained from the DSMZ.

3. Methods
3.1. Sample Collection and Preparation of DNA

1. Take the samples to be tested from at least 2–3-day-old cell cultures to ensure that the
titer of the mycoplasmas is above the detection level of the assay. Take one milliliter of
the supernatant of adherently growing cells or of cultures with settled suspension cells for
the analysis. The samples do not need to be free of eukaryotic cells. On the contrary,
some viable or dead cells in the sample are of advantage, because some mycoplasma
species tend to adhere firmly to the cell membranes of the eukaryotic cells. Several myco-
plasma species are 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 13,000g for 5 min. Remove
the supernatant with a disposable pipet and discard. Resuspend the remaining pellet in 1
mL PBS by vortexing.

3. Centifuge the suspension again and wash one more time with PBS as described in step 2.
4. After the washing step, resuspend the pellet in 100 µL 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 one milliliter 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.
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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 isopro-
panol through the minicolumn directly into a waste container.

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

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

3.2. PCR
The amplification procedure and the parameters described here are optimized for

the application in 0.2-mL reaction tubes in an Applied Biosystems GeneAmp 9600
thermal cycler. An adjustment to any other equipment might be necessary (see Note 4).
Amplified positive samples contain large amounts of target DNA for the next PCR run.
Thus, established rules to avoid DNA carry over should be strictly followed:

1. Separate the DNA extraction area from the PCR set-up area and the gel run locations.
2. Store all reagents in small aliquots to provide a constant source of uncontaminated reagents.

 3. Avoid reamplifications.
4. Reserve pipets, tips, and tubes for their use in the PCR only and irradiate the pipets fre-

quently by UV-light.
5. Follow strictly the succession of the PCR set up in the protocol.
6. Wear gloves during the sample preparation and PCR set up.

It is also fundamental to integrate the appropriate control reactions, such as inter-
nal, positive, and negative control, and the water control reaction.

1. Prepare a premaster mix (calculated for 15 µL per reaction, plus 1 additional reaction)
containing 1X PCR buffer (use the Taq DNA polymerase buffers recommended by the
manufacturer) with 1.5 mM MgCl2, 0.165 mM of each dNTP, 0.33 µM of each oligo-
nucleotide (see Note 1), fill up with dH2O to 13 µL per reaction.

2. Transfer 13 µL of the premaster mix for the water control reaction to a 0.2-mL PCR
reaction tube and add 2 µL dH2O.

3. Prepare the Taq DNA polymerase mix (10 µL per reaction, plus 1 additional reaction)
containing 1X PCR buffer and 1 U Taq polymerase per reaction.

4. Add 1 µL per PCR reaction (plus one additional reaction) of a limiting dilution of the
internal control DNA (see Note 5) to the premaster mix and place 14 µL of the resulting
master mix into the appropriate number of 0.2-mL PCR reaction tubes (see Note 6).

5. Store all reagents used for the preparation of the master mix and take out the samples of
DNA to be tested and the positive control DNA. Do not handle the reagents and samples
simultaneously. Add 1 µL of the DNA preparation to the reaction solutions.

6. Transfer the reaction mixtures without Taq polymerase to the thermal cycler and start one
thermocycle with the following parameters:

Cycle step 1: 7 min at 95°C
Cycle step 2: 3 min at 72°C
Cycle step 3: 2 min at 65°C
Cycle step 4: 5 min at 72°C

During cycle step 2, open the thermal lid and add 10 µL of the Taq polymerase mix to
each tube to perform a hot start PCR. For many samples, the duration of this step can be
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prolonged. Open and close each reaction tube separately to prevent evaporation of the
samples. Allow at least 30 s after closing the lid of the thermal cycler for equilibration of
the temperature and removal of condensate from the lid before continuing to the next
cycle step.

7. After this initial cycle, perform 32 thermal cycles with the following parameters:
Cycle step 1: 4 s at 95°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.

8. The reaction is finished by a final amplification step at 72°C for 10 min and the samples
are then cooled down to room temperature.

9. Prepare a 1.3% agarose-TAE gel containing 0.3 µg of ethidium bromide per mL. Sub-
merge the gel in 1X TAE and add 12 µL of the amplification product (10 µL reaction mix
plus 2 µL of 6X loading buffer to each well) and run the gel at 10 V/cm.

10. Visualize the specific products on a UV screen and document the result.

3.3. Interpretation of the Results
Figure 1 shows a representative ethidium bromide-stained gel with samples

that produced the results as described 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 was contaminated with 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.

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 (a) and the second reaction contained the
sample under study plus the control DNA as internal standard (b).

Cell lines COLO-699, NS-MEG, and KBM-7 are mycoplasma-negative; cell lines CI-1 and
H-1963 are 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-sparfloxacin
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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If the second run shows no band for the internal control, the whole procedure has to
be repeated.

Mycoplasma-positive samples show an additional band or only a single band at 502
to 520 bp, depending on the mycoplasma species. In the case of Acholeplasma laidlawii
contamination and 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 complementary sequences of the single-stranded long
internal control DNA and the single-stranded short mycoplasma 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. Very
weak mycoplasma-specific bands can sometimes occur after treatment of infected cell
cultures with antimycoplasma 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 a result of residual DNA in the culture medium
derived from dead mycoplasma cells, or from viable mycoplasma cells 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 wk without antibiotics, or retested at frequent intervals.

3.4. Further Considerations

Although the method described is sufficient to detect mycoplasma 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 spe-
cies most commonly infecting cell cultures. In case of a contamination detected by
PCR, the PCR has to be repeated in a 50 µL 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 AspI, HpaII, and XbaI (8-µL
PCR reaction mix plus 1 µL of the appropriate 10X restriction enzyme buffer plus
1 µL of the restriction enzyme). Depending on the restriction pattern (see Table 1),
the species can be determined directly. Otherwise, two more digestions with the re-
striction enzymes HaeIII and SfuI 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 (>97%) occur in cell cultures and is not suitable for the global
identification of all types of mycoplasma species. Cell culture infections are com-
monly restricted to five or six mycoplasma species.

4. Notes
1. The primers can be designed using the degenerated code to incorporate two different

nucleotides to form a mixture of two primers (Subheading 2.2.). When all oligonucle-
otides are mixed and prepared in aliquots for use in the PCR reaction, remember that the
molarities are reduced by 50%. The primer solutions should be placed into small portions
(25 µL 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 precipitation,
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High Pure PCR Template Preparation Kit from Roche (Mannheim, Germany), and
Invisorb Spin DNA MicroKit III from Invitek (Berlin, Germany). Following these meth-
ods, the amplification of the mycoplasma sequences was similar to the one after the Wiz-
ard preparation when the DNA was dissolved or eluted in 50 µL of water.

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

4. The use of thermal cyclers other than the GeneAmp 9600 might require some modifica-
tions in the amplification parameters, for example, duration of the cycling steps, which
are short in comparison to other applications. In addition, Mg2+, primer, or dNTP concen-
trations might need to be altered. The same is true if another Taq polymerase is used,
either polymerases from different suppliers or different kinds of Taq polymerase; for
example, we found that the parameters described were not transferable to HotStarTaq
with a prolonged denaturation step (Qiagen).

5. The limiting dilution of the internal control DNA can be used maximally for 2 or 3 mo
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.

6. Applying the internal control DNA, the described PCR method is competitive only for
the group of mycoplasma species 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
sufficient to detect mycoplasma in “naturally” infected cell cultures. To avoid the possi-
bility of performing a competitive reaction and of decreasing the sensitivity of the PCR
reaction, for example, after antimycoplasma 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).

Table 1
Restriction Fragment Patterns of the PCR Amplicons
Digested With Various Restriction Enzymes

AspI HpaII XbaI HaeIII SfuI

A. laidlawii – – – – 436/81
M. arginini – – 266/253 – –
M. bovis 303/213 – – – –
M. fermentans – 357/111/48 – 356/160 –
M. hominis – – 263/253 336/180 –
M. hyorhinis 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 respective restriction enzyme; –, not digestable.
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7. During the analysis of heavily infected cultures, sometimes the internal control is not
visible in the gel, owing to overwhelming amounts of target DNA in the sample com-
pared to the trace amounts of the internal control DNA. In these cases, the correct run of
the PCR reaction is demonstrated by the appearance of the band that is indicative of
mycoplasma positivity.
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Elimination of Mycoplasma from Infected Cell Lines
Using Antibiotics

Cord C. Uphoff and Hans G. Drexler

1. Introduction
1.1. Mycoplasma Elimination: A Necessity

Although many mycoplasma contaminations of cell cultures remain undetected over
many years and thus seem to have no apparent influence on the growth or other char-
acteristics of the cells, this is by far a misinterpretation of the symbiotic relationship of
eukaryotic cells and mycoplasmas. Mycoplasmas indeed have a multitude of different
effects on the various eukaryotic cells. However, the effects are not constantly seen in
all infected cultures, but depend on the mycoplasma species, the type of cell culture,
and the cell culture conditions. Nearly every parameter measured in cell culture or
experimental investigations may be affected by mycoplasmas (1).

The spectrum of effects range from more or less marked growth inhibition, al-
tered levels of protein, RNA, and DNA synthesis, induction of chromosomal aberra-
tions, 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 differentiation of hematopoietic cells, the induction or suppression
of cytokine and growth factor expression, enhanced immunoglobulin secretion by
B-cells, the increase or decrease of virus propagation, and a variety of other para-
meters. 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 the eukaryotic cells because of the production of acids from the fer-
mentation (by fermentative mycoplasmas) or ammonia (by the arginine-hydrolyzing
mycoplasmas) that 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 mycoplasmas
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should either be autoclaved and discarded immediately or taken into quarantine and
cured from the infection (3).

1.2. Antibiotic Treatment of Mycoplasma-Infected Cell Cultures
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 elimina-
tion of mycoplasma. A number of methods have been described to cure cell lines from
the contaminants. These include physical, chemical, immunological, and chemothera-
peutic procedures (2). Many of the elimination methods are of limited value for use in
cell culture, because they are not always effective, and the mycoplasmas reappear
after a while, are too laborious or require special equipment or facilities, or show
detrimental effects on the eukaryotic 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, mycoplasmas exhibit special
features which make them unique among the eubacteria. The antibiotic agents com-
monly used in cell culture, mainly penicillin and streptomycin, have no effect on the
viability of mycoplasmas, although sometimes may suppress their growth (see Note 1).
Thus specific antimicrobial agents have to be applied.

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:
tetracyclines, macrolides, and quinolones. Tetracyclines and macrolides inhibit pro-
tein synthesis by binding to the 30S and 50S ribosomal subunits, respectively.
Quinolones inhibit the bacterial DNA gyrase, essential for the replication of the DNA.
It is important to have a number of antibiotics available which act differently against
mycoplasmas, 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.

It should be mentioned that these antibiotics are not intended to be used as general
supplement in cell culture to avoid mycoplasma infections, but only for the short time-
period during antimycoplasma treatment.

Here, we describe the use of several antibiotics for the treatment of mycoplasma-
contaminated cells, the rescue of heavily infected cultures, salvage treatment of resis-
tant cultures, and some pitfalls during and after the treatment.

2. Materials
As the antibiotics are light sensitive, protect the stock and working solutions from

the light as well as the cell cultures containing the antibiotics as far as possible.

1. BM-Cyclin (Roche, Mannheim, Germany, cat. no. 799050) contains the macrolide
tiamulin (BM-Cyclin 1) and the tetracycline minocycline (BM-Cyclin 2), both in lyo-
philized states. Dissolve the antibiotics in 10 mL sterile dH2O, aliquot in 1-mL fractions
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 µg/mL and 5 µg/mL, respectively).
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2. Ciprobay 100 (Bayer, Leverkusen, Germany) contains 2 mg/mL ciprofloxacin and can be
used 1/200 in cell culture (at 10 µg/mL). One-mL aliquots should be taken in a sterile
manner from the bottle and stored at 4°C.

3. Baytril (Bayer) contains 100 mg/mL of enrofloxacin and is diluted 1/100 with RPMI
1640 medium immediately prior to the treatment. The dilution should be prepared freshly
for every antimycoplasma treatment. This solution is used as 1/40 final dilution in cell
culture (at 25 µg/mL).

4. Zagam (Rhône-Poulenc, France) contains the antibiotic sparfloxacin as powder, and the
stock solution is prepared by dissolving the antibiotic in freshly prepared 0.1 N NaOH to
a concentration of 20 mg/mL. This solution can be stored at 4 °C. Before treatment, the
stock solution is diluted 1/1 with RPMI 1640 medium and used in cell culture at a 1/1000
final dilution (at 10 µg/mL).

5. MRA (Mycoplasma Removal Agent, ICN, Eschwege, Germany) contains 50 µg/mL of a
4-oxo-quinolone-3-carboxylic acid derivative and is used in the treatment of cell cultures
in 1/100 dilutions (at 0.5 µg/mL).

6. Phosphate-buffered saline (PBS): 140 mM NaCl, 27 mM KCl, 7.2 mM Na2HPO4 · 12 H2O,
14.7 mM KH2PO4, pH 7.2; autoclave.

3. Methods
3.1. General Considerations

1. Prior to the treatment, aliquots of the contaminated cell line should be stored frozen, but
isolated from non-infected cultures, either at –80 °C for short time (maximally 2–3 mo)
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 containing
cured or infected cells. After successful cure, these mycoplasma-positive ampoules will
be removed and the cells destroyed by autoclaving.

2. The mycoplasma infection often impedes growth and negatively affects the general
appearance of the eukaryotic cells; in other words the cells are objectively and subjec-
tively 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 good condition. Sometimes the desired anti-mycoplasma effect is can-
celled by the negative effect of the antibiotics on the eukaryotic cells. Therefore, a few
general rules should be followed to improve the culture conditions and to reduce the
stress of infection and treatment on the eukaryotic cells:

a. Increase the FBS concentration to 20%, even if the cells grow well at lower concen-
tration.

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

c. 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.

d. 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 the last resort).

e. Detach frequently even slowly growing adherent cells in order to facilitate the expo-
sure of all mycoplasmas to the antibiotic; 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 pipeting or using other
reagents, for example, trypsin.
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f. Store the antibiotics at the recommended concentrations, temperatures, and usually in
the dark, and do not use them after the expiration date.

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

h. Keep the concentration of the antibiotic constant during the treatment period; degra-
dation of the antibiotic can be avoided by frequent complete exchange of the medium.

3. Generally, two different methods are applied for the treatment of cell cultures: the use of
quinolones, which is basically the same procedure for each antibiotic of that group, and
the use of BM-Cyclin, which is a combination therapy applying the two antibiotics
minocycline (tetracycline) and tiamulin (macrolide) in alternating cycles (5). The latter
method is more time consuming, but also more effective. We recommend applying both
types of treatment in parallel.

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

3.2. Antibiotic Treatment
3.2.1. Treatment With BM-Cyclin

1. Bring the cells into solution (detach adherent cells, break up clumps by pipeting 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-cm2 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 mL and 1 mL for the wells, respectively). Add 4 µL
of a 2.5-mg/mL solution BM-Cyclin 1 (tiamulin) per milliliter medium. Incubate the cell
culture for 2 days (d).

2. Remove all cell culture medium in flasks or wells containing adherent cells or after cen-
trifugation 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-d cycle of applying tiamulin.

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 5). Seed out
the cells at the appropriate density and add 4 µL of the 1.25 mg/mL solution BM-Cyclin
2 per milliliter medium. Incubate the culture for 2 d.

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

5. Repeat steps 1–4 twice (three cycles of BM-Cyclin 1 and BM-Cyclin 2 altogether). Pro-
ceed with protocol in Subheading 3.3.

3.2.2. Treatment With Quinolones
1. Bring the cells into solution (detach adherent cells, break up clumps by pipeting or using

other methods) (see Note 3); determine the cell density and viability by trypan blue ex-
clusion staining. Seed out the cells at a medium density (see Note 4) in a 25-cm2 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 mL and 1 mL for the wells, respectively). Add one of
the following antibiotics to the cell culture and incubate for 2 d:
a. 25 µL of a 1 mg/mL solution enrofloxacin (Baytril) per mL medium.
b. 10 µL of a 50 µg/mL solution MRA per mL medium.
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Fig. 1. Recommended scheme for mycoplasma eradication. An arsenal of different antibi-
otics can be used to treat mycoplasma-contaminated cell lines with a high rate of expected
success. We recommend: (1) cryopreservation of original 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 rou-
tine monitoring with a sensitive and reliable method (for example by PCR) are of utmost
importance.
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c. 1 µL of a 10 mg/mL solution sparfloxacin (Zagam) per mL medium.
d. 5 µL of a 2 mg/mL solution ciprofloxacin (Ciprobay) per mL medium.

2. Remove all cell culture medium in flasks or wells containing adherent cells or after cen-
trifugation of suspension cells. If 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 d.

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

3.3. Culture and Testing Post-Treatment
1. When the treatment is completed, remove the supernatant, wash the cells with PBS, 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. Thus, the cells should be cultured for at least another
2 wk. 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, especially following treatment
with BM-Cyclin. Thus, the cell status should be frequently examined under the inverted
microscope.

2. After passaging, test the cultures for mycoplasma contamination. If the cells are clean,
freeze and store aliquots in liquid nitrogen. The cells in active culture have to be retested
periodically to ensure continued freedom from mycoplasma contamination.

3. After complete decontamination, expand the cells and freeze master stocks of the myco-
plasma-free cell line and store them in liquid nitrogen to provide a continuous supply of
clean cells. Discard the ampoules with mycoplasma-infected cells.

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 formation of resistant mycoplasmas that occur when concentrations of the antibiotics
are low. At the end of the decontamination period, cells are washed with PBS and suspended in
antibiotic-free medium. After a minimum of 2 wk posttreatment, the mycoplasma status of the
cells is examined with sensitive and robust methods (for example by PCR).
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3.4. Further Considerations

In our experience, it is advantageous to employ both types of treatments (BM-Cyclin
and one of the quinolones) in parallel, as usually at least one of the treatments is suc-
cessful. In the rare event of resistance, cells of the untreated frozen back-up aliquots
can be thawed and treated again with another antibiotic. As MRA, ciprofloxacin,
enrofloxacin, and sparfloxacin all belong to the group of quinolones, 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 quinolones, as these are usually better
tolerated by the eukaryotic cells. We recommend using MRA which shows almost no
effect on the growth parameters during the treatment of 1 wk. The use of 5 µg/mL
sparfloxacin might be an alternative to the treatment procedure described, as this con-
centration was also shown to be effective against mycoplasma in most cases. One of
the latter two treatments is 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
because of the immediate reduction of the mycoplasmas 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 would
risk the loss of the cell culture (occasionally observed when BM-Cyclin is employed),
the procedure might be interrupted for a short time, i.e., one or two 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 recommended except under special
circumstances and then only for short durations. Use of antibiotics may lead to lapses in
aseptic technique, to selection of drug-resistant organisms, and to delayed detection of
low-level infection with either mycoplasmas or other bacteria.

2. The storage in liquid nitrogen might be one of the potential contamination sources of cell
cultures with mycoplasmas. Mycoplasmas were shown to survive in liquid nitrogen even
without cryopreservation. Once introduced into the nitrogen, mycoplasmas may persist in
the tank for an indefinite time, not proliferating, but being able to contaminate cell cul-
tures stored in the liquid phase of the nitrogen. The infection might happen, when the
ampoules are inserted into the tank, cooled down to –196°C and the unfilled part of the
ampoule is filled with liquid nitrogen because the pressure is low. Thus, we strongly
recommend storing the ampoules in the gaseous phase of the nitrogen to prevent contami-
nation. Additionally, contaminated cell cultures and those of unknown status should be
stored separately from noninfected cells, preferably in separate tanks. If this is not pos-
sible, be sure to store the ampoules at different locations of one tank and in the gaseous
phase (high positions in the tank). Do not fill with liquid nitrogen above a certain level.

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 accessible to
all parts of the cells, the membranes might be barriers which cannot be passed by the
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antibiotics. Mycoplasmas trapped within clumps of eukaryotic cells or even in cavities
formed by the cell membrane of a single cell might be protected from the antibiotic. This
is also the reason for the advice to keep the concentration of the antibiotic constantly high
by frequently 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 diluted, kept constant, or even concentrated. 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. 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 development of resistant myco-
plasma strains. Thus, exchange of the complete medium and washing the cells with PBS
is recommended.
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APPENDIX 1

Formulations of Commonly Used Cell Culture Media
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APPENDIX 2

Human Cancer Cell Lines Available
from the ATCC and DSMZ Cell Banks (Combined List)
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