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Preface

Culture of Epithelial Cells was first published in 1992, and, although
many of the basic techniques described have not changed materially,
there are a number of significant innovations that, together with a
need to update references and suppliers, justify a second edition. In
addition, several types of epithelia were not represented in the first
edition and have been included here, either as new invited chapters
or in the final chapter, where a number of different epithelia not
covered in the invited chapters, are presented in review form with
some additional protocols. It is hoped that this will give a more com-
plete, as well as more up-to-date, guide to epithelial culture tech-
niques and that, where protocols are not provided, for example, for
some less widely used epithelia, the references provided will lead the
reader into the relevant literature.

The layout is similar to other books in the “Culture of Specialized
Cells” series, providing background, preparation of reagents, step-by-
step protocols, applications, and alternative techniques, with the
sources of the reagents and materials provided in an appendix to
each chapter. The address of each supplier is provided at the end of
the book. For the sake of consistency, tissue culture grade water is
referred to ultra-pure water (UPW) regardless of the mode of prep-
aration but assuming at least a triple stage purification, for example,
distillation or reverse osmosis coupled to carbon filtration and
deionization, usually with micropore filtration at the delivery point.
Calcium- and magnesium-free phosphate-buffered saline is referred
to as PBSA, the Ca’" and Mg”" supplement being referred to as PBSB,
and the complete solution, PBS. Abbreviations are defined at the
front of the book, after the Contents and Prefaces. Most abbrevia-
tions are standard, but some have been coined by individual authors
and are explained when first introduced.

We are greatly indebted to the individual contributors for making
their expertise available in these chapters and for their patience in
responding to suggestions and queries during review. Ve hope that
this compilation will provide a good starting point for those who



wish to progress from routine culture of continuous cell lines into
the realms of culture of specialized epithelia. It has not been possible
to deal with every type of epithelium, and this was never the inten-
tion, but, hopefully, there is sufficient information at least to provide
a rational approach to culturing the better-known epithelia and to
provide a basis for approaching other epithelia not dealt with in detail
here.

R. lan Freshney and Mary G. Freshney

Preface



Preface to First Edition

It is now the age of the specialized cell in culture. Along with
advances in biotechnology, which are gradually enabling specialized
product formation in rather artificial host cells, there is an increasing
need to understand the regulation of specialized functions in the very
cells in which these functions are determined by ontogeny. This is
the only way that the fundamental regulatory processes may be un-
derstood and that the aberrations that arise in disease can be defined
and controlled. This volume, the first in a series of books on the
culture and manipulation of specialized cells for experimentation in
vitro, is devoted to epithelial cell culture.

The practice of tissue and cell culture is now firmly established as
a standard research method in many laboratories. In the majority of
cases, cultures are used as production substrates for cell products
or as investigative tools for studying the control mechanisms of gene
expression, cell proliferation, and transformation. Tissue culture has
now progressed sufficiently, however, that investigators are prepared
to ask questions about how specific cells express their specialized
phenotypes and how regulatory processes fail in neoplasia and other
forms of metabolic disease. While it might be sufficient in the study
of molecular functions to have an all-purpose fibroblast or Hela cell
culture, if one wishes to study what makes a primitive stem cell
mature into a keratinocyte or enterocyte, one must have the capacity
to culture the specific lineage in question.

Much of the interest that has developed in recent years, both on
the kinetics of stem cell regeneration and on the mechanisms of
differentiation and neoplasia, has focused on epithelial cells. This is
partly because these cells provide some of the best characterized
models for cell proliferation, regeneration, and differentiation, but
also because epithelial cells form the cellular environment where the
majority of common solid tumors arise.

Culture of epithelium has, traditionally, been fraught with problems
related to overgrowth of stromal cells for which the culture envi-
ronment has seemed to be more suitable.Various physical separation
methods and selective culture techniques have been developed over

Xi



Xii

the years to reduce fibroblast contamination and suppress fibroblast
overgrowth. A general consensus is emerging that the culture con-
ditions have to be favorable and selective for epithelial survival in
order for realistic studies to be performed in epithelial cell biology.
Consequently, a common theme throughout much of this book is
the definition of the correct selective environment to favor the sur-
vival of the particular cells of interest.

Authors have been chosen by virtue of the cell type in which their
main research interest lies. They have also been chosen for their
recognized expertise in the field, and the methods described will
often have been documented previously in refereed publications. Our
objective is not to present a procedure that is new and untried, but
to provide an established technology on which the investigator can
depend.

A fundamental ignorance of how cells work has previously per-
mitted us to have been content to study any cell in culture. Now,
although far from fully conversant with all aspects of fundamental cell
biology, we need to move on to look at more complex systems—
systems more complex in their regulation whereby the cell type may
be highly specialized—and systems more complex that force us,
when modeling three-dimensional tissue rather than simple cellular
functions, to explore the regulatory information passing between dif-
ferent cell types as well as their specific responses to more general
systemic signals. This book, and those planned to follow, will attempt
to examine these complexities.

R. lan Freshney
June 12, 1991

Preface to First Edition
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keratinocyte growth factor
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Laboratory of Human Carcinogenesis

long terminal repeat
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(U. Colorado, Boulder)
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low-serum-containing medium

milk mix

newborn bovine serum

nerve growth factor

normal human bronchial epithelium
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periodic acid-Schiff reagent

Dulbecco’s phosphate-buffered saline with 0.5 mM
MgCl, and 0.9 mM CaCl,

Dulbecco’s phosphate-buffered saline without Ca
and Mg**
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platelet-derived growth factor
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“Epithelium” describes the various layers of cells that either
coat surfaces on the exterior of the organism or line internal
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organs, ducts, or secretory acini. They may act as a total barrier,
such as the epidermis, with minimum permeation of polar sub-
stances, or a regulated barrier, for example, in the intestine and
the lung, where selected substances are able to cross the plasma
membrane or the whole epithelium via specific transporters. Al-
though other tissue cells assume transitory or permanent polarity
along the long axis of the cell, basal to apical polarization is
fundamental to the normal function of all epithelia. Epithelia are
associated with the major functional role of many tissues, such as
hepatocytes and liver metabolism, epidermal keratinocytes and the
barrier properties of skin, pancreatic acinar cells and digestive
enzyme secretion, and so on, and have been a focus of interest in
the development of in vitro models for many years. Because most
epithelia are renewable, they have proliferating precursor com-
partments and stem cells capable of self-renewal and hence form
attractive models for studying the regulation of cell proliferation
and differentiation.

Because of their regenerative nature, many epithelia are fre-
quent sites for malignant transformation in vivo, and the most
common solid tumors are the carcinomas of lung, breast, colon,
prostate, and bladder, derived from the epithelial cells of these
tissues. Epithelial cell systems have therefore been adopted as
appropriate models for studies of carcinogenesis, and of differ-
entiation, on the assumption that malignancy results, at least in
part, from a failure to differentiate. This has produced many ex-
cellent models for differentiation and, owing to the geometry of
tissues such as skin and intestine, some of the clearest examples
of stem cell maturation, although without the supporting detail on
stem cell identity that has exemplified progress in the hemopoietic
system.

I. FUNCTIONS OF EPITHELIUM

Epithelium usually is found at the interface between the organ-
ism and the environment (epidermis, bronchial, or alveolar epi-
thelium) or between an organ and a fluid space (enterocytes of
the gut, tubular epithelium of the kidney, or hepatocytes and bil-
iary epithelium of the liver). This location implies that the regu-
lation of permeability, transport, endocytosis, and exocytosis is a
major requirement. Furthermore, if permeability is to be regulated,
then transcellular transport is likely to predominate and pericel-
lular transport to be restricted. Characteristically, epithelium ex-
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presses active control of transcellular permeability and a passive,
but stringent, blockade of pericellular permeability.

Epithelial cells transport fluid, ions, oxygen, and essential nu-
trients, and secrete products, in a polarized fashion; as we see
below and in later chapters, shape and polarity are vital elements
in the expression of the differentiated epithelial phenotype. Fur-
thermore, epithelium is well suited to monolayer culture, as many
epithelia are simple avascular monolayers or multilayers that are
sufficiently thin to be still dependent on diffusion for nutrient

supply.

2. HISTOLOGY

Epithelial cell layers are separated from other cellular com-
partments (e.g., connective tissue, capillaries) by a basement
membrane made up of collagen, laminin, fibronectin, and proteo-
glycans, and the reconstitution of this basement membrane in vitro
has been featured in many attempts to grow functional epithelium.
The basement membrane is usually a joint product of the epithe-
lium and the underlying stroma and, together with soluble factors
from the stroma, serves to regulate the differentiated function of
the epithelium (see below) as well as providing physical support
and a barrier separating epithelial and stromal compartments.

Epithelial cells are closely associated in vivo, as implied by
their regulated permeability and transport functions; to maintain
this structural integrity, they are usually joined by desmosomes
(Fig. 1.1a), the mechanical junctions connected to the intermediate
filament cytoskeleton that hold epithelium together and are char-
acteristic markers of epithelial identity [Moll et al., 1986]. Where
barrier properties are particularly crucial (e.g., kidney ductal epi-
thelium, or secretory acini), the desmosomes are accompanied by
tight junctions forming a junctional complex that is quite specific
to epithelium (Fig. 1.1b). The presence of these junctional com-
plexes, together with cytokeratin intermediate filaments (see
Chapter 5), provide very useful and specific markers for recog-
nizing epithelial cells in vitro.

3. EMBRYOLOGICAL ORIGIN

Following gastrulation in the embryo, the previously simple
hollow ball of cells, or blastula, becomes multilayered, and these
layers eventually form the outer germ layer of the embryo, the
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ectoderm, the inner germ layer, the endoderm, and the cells lying
in between the two layers, the mesoderm. Whereas the mesoderm
generates the connective, skeletal, and hemopoietic tissues, it is
the ectoderm and endoderm that generate the epithelial layers.
Two exceptions, which are mesodermally derived, are the col-
lecting duct-lining cells of the kidney and the mesothelial cells,
which line body cavities like the peritoneum and pleura. Although
mesodermally derived, both cell types express characteristic cy-
tokeratin intermediate filaments; mesothelium lacks desmosomes,
however.

Fig 1.1. Junctions be-
tween epithelial cells.
Transmission EM of sec-
tions through CA-KD
cells grown on gas-per-
meable membrane Petri
dish (Heraeus). (a) Des-
mosomes [D] show as
dark blobs on the dark-
staining opposed mem-
branes of adjacent cells.
(b) Canaliculus that
formed in the same cul-
ture at an area of high
cell density, showing
junctional complexes
(desmosomes and tight
junctions [TJ]). Culture
and photographs cour-
tesy of C.M. MacDon-
ald. Reproduced from
Freshney [2000].
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4. STEM CELLS AND MATURATION

In common with the hemopoietic system, and distinct from the
supporting tissues, epithelial cells are constantly regenerated. This
process may be quite rapid, as in the intestine and epidermis, or
quite slow, as in liver and pancreas. Although as yet unidentified,
stem cells exist in the basal layer of the epidermis (possibly lo-
calized in the outer root sheath of the hair follicles), in the crypts
of the intestine, and possibly in the junction of the bile duct epi-
thelium and bile canaliculi, constantly regenerating the functional
epithelium as the terminally differentiated cells senesce, die, and
are shed. These cells, plus the proliferating precursor cell com-
partment, make up the bulk of the cells in a proliferating culture.
The distribution of the population among the stem cell, precursor
cell, and differentiated cell compartments will influence the func-
tional capacity and reproductive potential of the culture and create
a degree of heterogeneity that is difficult to avoid in this type of
regenerative tissue. Greater homogeneity can be achieved by iso-
lating different stages in the lineage by physical techniques (see
below), or by inducing proliferation and inhibiting differentiation
(see Section 8, Differentiation), thereby increasing the proportion
of stem and precursor cells. The longevity of the stem cell com-
partment is what will ultimately determine the lifespan of the
culture.

Heterogeneity is not only derived from the disposition of cells
within one differentiating pathway or lineage but may also be
generated by differentiation down more than one pathway. Usu-
ally the environmental conditions will favor one particular line-
age, but in some cases, particularly with cell lines derived from
tumors, multiple phenotypes may be present within the culture,
or even within one cell.

5. ISOLATION AND CULTURE

5.1. Disaggregation

As epithelial layers are closely associated in vivo and are
strongly self-adherent, it is not surprising to find that they tend to
survive better in vitro as clusters or sheets of cells. Dissociation
techniques that have been found to be most successful tend to
exploit this observation and do not try to reduce the population
to a single cell suspension. For this reason, cultures have been
derived either by gentle mechanical disaggregation or collagenase
digestion in preference to trypsinization. Collagenase, in particu-
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lar, appears to give good survival as it does not completely dis-
sociate the epithelium but frees it from the surrounding stroma.
The clusters of epithelium formed by this technique can often be
collected preferentially by allowing them to sediment through the
more finely dispersed fibroblastic stromal cells or by filtration
through nylon gauze (see Chapter 4).

However, it is very difficult to eliminate all the fibroblasts by
physical methods and, because of their more rapid growth rate,
they will tend to overgrow the culture. This is caused by the
stimulation of the fibroblasts by platelet-derived growth factor
(PDGF) and by the cytostatic effect on the epithelium of trans-
forming growth factor type a (TGF-«), released from platelets
during the preparation of serum. It is also due partly to the design
of the media, many of which were developed for fibroblastic cells
(e.g., the NCTC Strain L).

5.2. Selective Attachment

Several methods have been developed, with varying degrees of
sophistication and success, in the attempt to repress fibroblastic
overgrowth. One simple method that is sometimes effective, at
least for short periods of culture, is to seed the cell mixture into
a flask for a short time (e.g., 30 min or 1 h) and then transfer the
unattached cells into a fresh flask. This is repeated at intervals of
1-3 h up to 24 h or 48 h, and it is often found that the fibroblasts
tend to stick down first, whereas the epithelial cells remain in
suspension and attach in the later-seeded flasks. This is probably
due to a combination of circumstances, some mechanical (the size
of the epithelial aggregates) and some physiologic (the greater
need for extracellular matrix regeneration for epithelial attach-
ment). In general, selective adhesion methods such as these have
limited success but may be of value in combination with other
techniques or for short periods of culture.

5.3. Selective Detachment

Selective detachment has also been employed, and enzymes
such as dispase can release epithelial sheets before the fibroblasts
[Bevan et al., 1997 ]. Again, like selective attachment, it is effec-
tive in certain conditions, for example, releasing epithelial patches
of colonic epithelial cells, but it is not universally successful and
may select or alter the epithelium released [Poumay et al., 1993;
Tomson et al., 1995; Schaefer et al., 1996]. EDTA can also be
used to remove fibroblasts selectively from mixed cultures of ker-
atinocytes (see Protocol 3.4).
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5.4. Substrate Modification

To exploit the principle of selective attachment, some groups
have attempted to modify the substrate to favor epithelial attach-
ment. Collagen coating, particularly native or undenatured colla-
gen, has been used to select epidermal cells [Freeman et al., 1976]
and breast epithelium [Yang et al., 1980]. Collagen and laminin
separately or combined, particularly in Matrigel, have also been
found to encourage the expression of the differentiated phenotype
in many epithelial cells [Seely and Aggeler, 1991; Kibbey et al.,
1992; Darcy et al., 1995] (see also Chapters 2, 4, and 6), although
this may limit their proliferative capacity. Becton Dickinson pro-
duces a modified plastic, Primaria, that has a net positive charge
claimed to favor epithelial growth in preference to fibroblasts (see
Chapter 13).

5.5. Feeder Layers

The most popular substrate modification is to preplate with a
monolayer of fibroblasts, or other cells, that can be irradiated to
prevent their further growth. A preformed layer of irradiated
[Rheinwald, 1980] or mitomycin C-treated [Macpherson and Bry-
den, 1971] 3T3 cells enhances the survival of many epithelial
cells, including keratinocytes (see Chapter 3), cervical epithelium
(see Chapter 5), and breast epithelium (see Chapter 4) and appears
to repress the further growth of fibroblasts. This may be caused,
partly, by the ability of epithelium to attach to the fibroblasts,
whereas normal fibroblasts are unable to do so, but is also prob-
ably caused by release by the feeder cells of paracrine factors that
enhance epithelial survival and may block the action of TGF-S.
It is probably the most generally successful method of enhancing
epithelial growth and inhibiting fibroblastic overgrowth.

5.6. Cell Separation

It is possible to separate many cell types by physical methods,
such as density gradient centrifugation, centrifugal elutriation, and
flow cytometry [Freshney, 2000a]. Of these, flow cytometry has
the greatest resolution, but it has a relatively low yield; centrifugal
elutriation gives the highest yield but is only effective when there
are clear distinctions in cell size. Both of these methods are tech-
nically complex to use and involve expensive equipment, but they
have been used very successfully with many different cell systems
[Lutz, 1992; Lag et al., 1996; Aitken et al., 1991; Boxberger et
al., 1997; Swope et al., 1997].
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Density gradient centrifugation is a cheaper system that has
been very popular for many years and is moderately effective
[Pretlow and Pretlow, 1989]. The purification achieved is seldom
complete but may suffice for the generation of a purified popu-
lation for immediate use; it seldom has a lasting effect, as the
contaminating stromal cells usually proliferate more rapidly in
standard media with serum supplementation.

Magnetic separation has become increasingly effective. Specific
antibodies conjugated to iron-containing coated beads (see Ap-
pendix: Sources of Materials) have been used to isolate different
cell types magnetically, either by a positive sort for epithelium
[Formanek et al., 1998; Carr et al., 1999] or a negative sort for
contaminating fibroblasts [Saalbach et al., 1997]. A cell suspen-
sion, previously incubated with antibody-conjugated beads, is
passed down a glass cylinder, and the cells bound to the beads
are trapped at the side of the tube by placing an electromagnet
outside the cylinder. Turning off the current allows the beads to
be eluted with the attached cells, which can be separated from the
beads by trypsinization. Some systems (e.g., Miltenyi) used mag-
netizable microbeads that permit subsequent culture without re-
quiring removal of the beads and have antibody conjugations suit-
able for both positively sorting epithelial cells and negatively
sorting fibroblasts.

5.7. Selective Culture

The ideal method of purifying a population of cells is by clon-
ing. Used in conjunction with a feeder layer, this method permits
many epithelial cells to be cloned quite successfully, but unfor-
tunately the culture may senesce before sufficient cells are gen-
erated. However, if relatively few cells are required, if the clones
can be pooled, or if the line has been immortalized, cloning may
prove to be the ideal method (see Chapter 10).

Selective media have become one of the principal methods for
growing epithelial cells preferentially. Several media have been
developed (see Chapters 3—8) capable of supporting different
types of epithelial cells. They are serum-free, eliminating TGF-3
and PDGF, which favor fibroblastic growth, and they often in-
corporate hormones and growth factors, such as hydrocortisone,
isoproterenol (isoprenaline), and epidermal growth factor (EGF),
which stimulate epithelial proliferation. They have the advantage
that they do not depend on one selective event but continue to
exert a selective pressure in a nutritionally optimized environ-
ment. Many of these media are available commercially (see Ap-
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pendix: Sources of Materials) but do not always support the same
plating efficiency, cell proliferation and longevity as achieved by
media prepared in the laboratory or with the feeder layer system
(see relevant chapters for further discussion).

6. CHARACTERIZATION

Validating selected epithelial cell lines requires the adoption of
specific criteria for identifying the cells as epithelial. The time-
honored method is by morphology, as most epithelial cultures
have a characteristic tight pavementlike appearance with cells
growing in well-circumscribed patches. However, not all epithelia
grow in this manner; some show greater plasticity in shape, par-
ticularly when derived from tumors, and some mesenchyme-
derived cells such as endothelium and mouse embryo fibroblasts
like 3T3 cells (which are probably primitive mesenchyme rather
than committed fibroblasts) can look quite epithelial at confluence.
For these reasons, reliable epithelial identification has come to
depend on the recognition of certain specific markers. The inter-
mediate filament proteins have long been recognized for their tis-
sue specificity [Lane, 1982; Moll et al., 1982; Taylor-Papadimi-
triou and Lane, 1987], and among these the cytokeratin group are
found predominately in epithelia. Vimentin, the intermediate fil-
ament protein of fibroblasts and other mesenchymal cells, can also
be expressed in epithelial cells in culture, particularly when the
epithelium is derived from a tumor [Hunt and Davis, 1990], but
cytokeratins are rarely seen in other cells.

Unlike the other intermediate filament proteins, the cytokeratins
are a large group with considerable diversity. This means that
different anti-cytokeratin antibodies may have differing specific-
ities, enabling distinctions to be made among different types of
epithelia or between different stages of differentiation. This is dis-
cussed in more detail in individual chapters but a summary is
provided in Table 1.1.

When the culture reaches confluence, desmosome junctions,
which are also specific to epithelia, can be detected by electron
microscopy and desmosomal proteins, like desmoplakin [Moll et
al., 1986], can be demonstrated by immunostaining. Where cul-
tures of ductal cells are able to differentiate, it may also be pos-
sible to see junctional complexes with desmosomes and tight junc-
tions in a characteristic association. Because of this ability to form
tight junctions, and their ability to transport water and ions, epi-
thelial monolayers sometime generate so-called domes, formed
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when the cell layer blisters off the substrate because of fluid and
ion transport from the medium to the subcellular space (Fig. 1.2).
This activity is characteristic of ductal and secretory epithelia.

A number of cell surface antigens have been shown to be spe-
cific to epithelium. These are often from one group of transmem-
brane mucinlike glycoproteins and include epithelial membrane
antigen (EMA) [Heyderman et al., 1985], human milk fat globule
(HMFG)-1 and HMFG-2 [Burchell et al., 1983], and Spl [Burchell
et al., 1987]. These antigens are most strongly expressed in dif-
ferentiated ductal epithelium, where they may become polarized
to the apical surface, but present to varying degrees in many dif-
ferent epithelia. There are also a number of more specific markers
such as involucrin in keratinocytes (see Chapters 2 and 3), which
are dealt with in more detail in the appropriate chapters.

7. CROSS-CONTAMINATION

Apart from the need to determine the tissue of origin of a
culture, it is also important to be able to guard against cross-

TABLE I.1. Cytokeratins in Epithelial Cell Characterization

Cytokeratin Expressed

Cell type In vivo In vitro Ref.
Epidermal All K5, K14 K5, K14 (See Chapter 2)
keratinocytes ~ All suprabasal K1, K10 K1, K10 (See Chapter 2)
Stratum K2e K2e (See Chapter 2)
granulosum
Cervical Ectocervix K5, K19 K5, K19 (See Chapter 5)
kertinocytes Endocervix K18 K18 (See Chapter 5)
Mammary TDLU* K19 K19 (See Chapter 4)
Basal K5, K7, K14 (See Chapter 4)
K18 (postelection)
Prostate Basal K5, K14 K5, K14 (See Chapter 6)
Luminal K8, K18 K8, K18 (See Chapter 6)
Intestine K8, K18 K8, K18 (See Chapter 10)
Urothelium General K7, K8, K18, K19 K7, K8, K17, K18 and (See Chapter 12)
Basal K5, K17 K19 (all cells) (See Chapter 12)
All but K13 (See Chapter 12)
superficial
Superficial K20 (See Chapter 12)

*TDLU = terminal ductal lobular units

10
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contamination from other cell lines. This is particularly true where
a continuous cell line is formed, as many continuous epithelial
cell lines are morphologically similar. If any other continuous ep-
ithelial cell line is being maintained in your laboratory, or in the
laboratory where the cell line originated, particularly if it prolif-

Fig 1.2. Domes form-
ing in a monolayer of
epithelial cells. Cell
line CA-KD, derived
from a secondary ade-
nocarcinoma in the
brain, from an un-
known primary, form-
ing domes when kept at
confluence. (a) Fo-
cused on monolayer,
(b) focused on top of
dome. Culture and pho-
tographs courtesy of
C.M. MacDonald. Re-
produced from Fresh-
ney [2000].
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erates rapidly, there is always the risk that is has contaminated
your stock. In the late 1960s and the 1970s, Gartler [1967], Nel-
son Rees and Flandermeyer [1977], and others [e.g., Lavappa,
1978] proved that the majority of cultured lines in current use
were HelLa-derived. Unfortunately, despite the publicity that this
received at the time, cross-contamination remains a severe prob-
lem, and many cell lines submitted to cell banks have been shown
to be cross-contaminated [Kneuchel and Masters, 1999; Stacey et
al., 1999; MacLeod et al., 1999]. Periodically, the American Type
Culture Collection (ATCC) issue bulletins on their web page
(www.ATCC.org) highlighting where cross-contaminations have
been detected.

The best method of guarding against cross-contamination is by
DNA fingerprinting [Thacker et al., 1988] or DNA profiling
[MacLeod et al., 1999; Thomson et al., 1999]. A DNA fingerprint
may be stored as a photograph, and DNA profiling gives a digital
output that can be stored in a database along with cell line records.
Where new cell lines are being created, it is essential to store a
sample of DNA, blood, or solid tissue from the donor at —70°C
or in liquid nitrogen at the time of isolation. When a successful
line is generated, the DNA fingerprint or profile from the cell line
can be compared with that of the donor and identity confirmed.
If the technology for DNA fingerprinting or profiling is not avail-
able in your laboratory, it is possible to have it done commercially
(see Appendix: Sources of Materials). Historically, several other
tests have been used to validate cell lines. Of these, karyotype
analysis and isoenzyme electrophoresis are probably the most ef-
fective [Freshney, 2000b]. If the contaminant is Hela, the glu-
cose-6-phosphate dehydrogenase isoenzyme pattern and the pres-
ence of certain marker chromosomes are diagnostic [Hay, 1986].

8. DIFFERENTIATION

The traditional problem of the early attempts to grow epithe-
lium was the loss of the specialized properties of the tissue from
which they were derived. In a significant proportion of these, the
overgrowth was by stromal fibroblasts, as discussed above, but in
some cases (e.g., in liver) the overgrowth was by epithelial cells
that were not differentiated hepatocytes. The problem was de-
scribed as dedifferentiation and has two likely causes, not nec-
essarily mutually exclusive: (1) selection of the wrong lineage
(e.g., stromal fibroblasts or endothelium instead of epithelium)
and (2) propagation of cells from the early, proliferative, undif-
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ferentiated stage of the correct lineage. Elimination of the first of
these has been dealt with above and depends on the development
of selective media and culture conditions; correcting the second
depends on the induction of differentiation. This is not reinduc-
tion, as it is presumed that most terminally differentiated cells do
not dedifferentiate but become overgrown by precursor cells (not
unduly surprising, as it is widely accepted that differentiation and
proliferation are mutually exclusive in epithelial cells).

There are two main conclusions from this: (1) If specialized
functions are required, they will require the correct inductive en-
vironment, and (2) propagation is likely to be carried out under a
different set of conditions from the expression of differentiation.
This may mean two distinct modes of culture depending on the
required endpoint, but it can also mean that the culture may be
heterogeneous, with cells at different phases of differentiation,
much as would be found in vivo. It is often assumed that the
population is homogeneous in either its differentiated or prolif-
erative phase. In practice it is difficult to achieve complete ho-
mogeneity, and even under conditions of maximum stimulation of
differentiation there is likely to be an equilibrium between the
stem cells, the precursor cell compartment, and terminally differ-
entiated cells. If a homogeneous population of cells is essential,
it may be necessary to resort to a cell separation technique (see
Section 5.6).

8.1. Induction of Differentiation

The induction of differentiation can be regarded as being under
the control of four main parameters whose effects are interactive.
These are (1) soluble inducers, (2) cell-cell interaction, (3) cell-
matrix interaction, and (4) polarity and cell shape. Some of these,
particularly in category (4), are probably permissive rather than
directly inductive, but a distinction is not made in the present
discussion, on the assumption that this is an attempt to define
elements of the microenvironment that will favor differentiation
rather than to analyze the regulatory processes per se.

8.1.1. Soluble Inducers

The substances that have been found to have differentiation-
inducing activity are listed in Table 1.2. They include classical
hormones such as hydrocortisone, vitamins such as retinoic acid,
vitamin Ds, E, and K, and paracrine factors, mostly cytokines and
growth factors (see Section 8.1.2). The prostaglandins have also
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been found to be active, for example, prostaglandin (PGE,) in
breast [Rudland et al., 1982]. With the exception of the sex ste-
roids, these agents do not have a great deal of target specificity.
There is also a group of compounds the physiologic action of
which is still far from clear. These are the planar-polar com-

TABLE 1.2. Examples of Factors Controlling Differentiation

Agent Cells Reference
Diffusible, physiologic:

Ca™" Keratinocytes Boyce and Ham, 1983
KGF Keratinocytes Marchese et al., 1990
KGF Prostatic epithelium Thomson et al., 1997
HGF MDCK cells Montesano et al., 1997
TGF-B Bronchial epithelium Masui et al. [1986]

Hydrocortisone, OSM,
IL-6, lung fibroblast-
conditioned medium

Retinoic acid

Vitamin D,

Vitamin K

Insulin, prolactin, and
hydrocortisone

Epimorphin

Diffusible, nonphysiologic:

Sodium butyrate
PMA (TPA)
PMA

DMSO

Matrix:
Collagen
Collagen

Collagen
Laminin
Matrigel
Heparan SO,
Heparan SO,

Indirect hormone action
via stromal fibroblasts:

Hydrocortisone

Hydrocortisone

Androgen

Estrogen

Estrogen

A549 cells

Tracheo-bronchial epithelium
IEC-6 cells

Kidney epithelium
Mammary epithelium

Kidney epithelium

HT29 cells
Bronchial epithelium
HT29, CaCo-2 cells

Mammary epithelium
Hepatocytes

Keratinocytes
Hepatocytes

Mammary epithelium
Mammary epithelium
Mammary epithelium
Enterocytes
A549 cells

Intestine
Lung
Prostate
Breast
Uterus

(See also Chapter 8)

Speirs et al., 1991; McCormick
et al., 1995; McCormick and
Freshney, 2000

Kaartinen, 1993

Jeng et al., 1994

Cancela et al., 1997

Marte et al., 1994

Hirai et al., 1992

Velcich et al., 1995

Willey et al., 1984

Pignata et al., 1994; Velcich et al.,
1995

Rudland et al., 1992

Hino et al., 1999

(See also Chapter 11)

(See Chapters 2, 5)

Sattler et al., 1978

(See also Chapter 11)
Berdichevsky et al., 1992

Blum and Wicha, 1988

(See Chapter 4)
Simon-Assmanne at al., 1986
Yevdokimova and Freshney, 1997

Simon-Assmann et al., 1986

Post et al., 1984

Cuhna, 1984; Thomson et al., 1997
Coletta et al., 1990

Taguchi et al., 1983
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pounds, or polar solvents, like dimethyl sulfoxide (DMSO), hexa-
methylene bisacetamide (HMBA), sodium butyrate (NaBt), and
N-methyl- and dimethylformamide (NMF, DMF), the former be-
ing the main metabolite of the latter. Their activities have been
demonstrated chiefly in tumor cells [Schroy et al., 1988], for ex-
ample, induction of alkaline phosphatase, a marker for differen-
tiation, in A549 cells, derived from a putative alveolar type II
adenocarcinoma of lung (Fig. 1.3), but they have also been shown
to be active in some normal cells [Rudland et al., 1992; Hino et
al., 1999; see also Chapter 11].

Ca®>" concentration influences differentiation in some epithelia
[Boyce and Ham, 1983], with concentrations above 3 mM favoring
differentiation and low concentrations favoring cell proliferation.
This was demonstrated first for mouse skin (see Chapters 2 and 3),
and it may also apply to other epithelia (see Chapter 13).

8.1.2. Cell-Cell Interaction

There is evidence of homotypic interaction in developing epi-
thelial monolayers, and a high-density monolayer of secretory
cells is more likely to become differentiated than a low-density
culture. This may be due partly to the establishment of gap junc-
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Fig 1.3. Induction of alkaline phosphatase, as an indicator of differentiation, in
A549 cells. Cells were grown to confluence in Ham’s F10:DMEM, 50:50, with
10% FBS, and then grown on for 3 days in serum-free F10:DMEM. Inducer was
added for a further 3 days, and the alkaline phosphatase was assayed colorimet-
rically by release of p-nitrophenol from p-nitrophenol phosphate. (a) Inducer,
sodium butyrate. Reprinted from Methods of Tissue Engineering, Ed. Atala and
Lanza: Maintenance of primary and early passage cultures, R.I. Freshney, pp 37—
53, 2002, Figure 3.5, by permission of the publisher Academic Press. (b) onco-
statin M [Evans, McCormick, and Freshney, unpublished data].
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tions between adjacent cells allowing the transfer of signal trans-
ducers such as cyclic AMP, partly to the decrease in cell prolif-
eration at high cell density, and partly to the shape change
achieved as a result of crowding at high cell densities, as dis-
cussed below (see Section 8.1.4).

Organogenesis in the embryo occurs by the interaction of de-
veloping epithelium from the endoderm or ectoderm with adjacent
mesenchymal cells [Spooner and Wessells, 1970; Thesleff et al.,
1977; Rutter et al., 1978]. This interaction is highly specific, and
the source of the mesenchyme determines the fate of the epithe-
lium. The maintenance of this heterotypic interaction in the adult
is harder to demonstrate, but there is now good evidence for der-
mal interaction in epidermal differentiation (discussed in Chapter
2). It is also likely that at least part of the failure of differentiation
in tumor cells is due to the breakdown in interaction with the
appropriate stromal cells. Similarly, the failure to differentiate in
culture is often due to elimination of stromal interaction. This
presents a particular problem, because, as we have seen above,
the production of cell lines from epithelial tissues requires selec-
tive conditions that suppress the stromal fibroblasts, whereas in-
duction of differentiation may depend on them. As suggested
above, this is a situation that may require proliferative conditions
to be distinct from those conditions that favor differentiation.

One of the more interesting aspects of heterologous cell inter-
action is the participation of the stroma in the induction of differ-
entiation by steroids. Prostatic differentiation is under the control
of androgens, but their action is independent of epithelial receptors.
Cunha [1984] and others showed that it is the presence of receptors
in the stromal fibroblasts that is critical. Similarly, estrogen binds
to stromal receptors in the uterus to induce maturation of the uterine
epithelium [Taguchi et al., 1983]. In the lung just before birth a
factor released by lung fibroblasts induces pulmonary surfactant
production in the type II pneumocyte of the alveolus. The synthesis
of this factor, fibrocyte-pneumonocyte factor (FPF), was shown to
be positively regulated by cortisol [Post et al., 1984] and negatively
regulated by TGF-B [Torday and Kourembanas, 1990]. Dexa-
methasone increases the inductive effect of lung fibroblasts on the
A549 type II pneumocyte tumor cell line, cocultured in a filter well
system [Speirs et al., 1991], although, at least part of this response
is caused by a direct effect on the epithelial component (see below)
[Yevdokimova and Freshney, 1997].

Many of the factors released by fibroblasts, and active in par-
acrine control of differentiation and morphogenesis, are cytokines
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and growth factors such as keratinocyte growth factor (KGF) in
prostate [Yan et al., 1992; Thomson et al., 1997; Planz et al.,
1998] and hepatocyte growth factor (HGF) in kidney [Montesano
et al., 1997], salivary gland [Furue and Saito, 1997], and mam-
mary gland [Soriano et al., 1995]. Both of these factors are clas-
sically paracrine in action as they are only produced by fibroblasts
and their receptors are only found on epithelial cells. Screening
of candidate growth factors for the response seen in A549 cocul-
tured with fibroblasts (see above) showed that cytokines of the
interleukin-6 (IL-6) family were most active, with oncostatin M
having the greatest potency [McCormick et al., 1995; McCormick
and Freshney, 2000] (Fig. 1.3b). However, disabling antibodies to
OSM and IL-6 did not inhibit the activity found in medium con-
ditioned by lung fibroblasts [McCormick and Freshney, 2000].
KGF was found to be inactive in this system, although others (see
Chapter 9) have found that KGF mimics the effect of fibroblasts
with freshly isolated type II pneumocytes.

Hence, complete differentiation of many types of epithelium is
under the control of the fibroblasts (or, more correctly, fibrocytes)
normally associated with the epithelium in vivo, and the activity
of the fibrocytes may in turn be regulated by proximity to the
epithelium as well as by systemic hormones. This requirement for
heterologous cell interaction adds a degree of complexity to dif-
ferentiated epithelial culture, as yet essential for full functional
expression of some cell types. It is to be hoped that this interaction
may be shown to depend on soluble paracrine factors like those
described for lung and prostate [Post et al., 1984; Thomson, et
al., 1997], as this would allow substitution of a defined factor for
the more complex combined culture.

8.1.3. Cell-Matrix Interaction

Many, if not all, soluble paracrine factors may require binding
to specific elements of the extracellular matrix (ECM) to become
active. ECM is made up of the products of the cells associated with
it; hence the matrix generated between a monolayer of fibroblasts
and tissue culture plastic will be different from the matrix generated
by endothelial or epithelial cells, and the matrix generated between
two fibroblasts, two epithelial cells, or heterologous combinations
of epithelium and fibroblasts, epithelium and endothelium, and so
on, will in turn all be different. Hence, although it is treated here
as a separate parameter, cell-matrix interaction is really another
dimension of cell-cell interaction, where the stimulus is contact-
mediated or made via soluble paracrine factors bound to the matrix
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[Neufeld and Gospodarowicz, 1987], as demonstrated in bone mar-
row for GM-CSF [Cross and Dexter, 1991]. The activity of OSM
and IL-6 on inducing differentiation in A549 cells was dependent
on dexamethasone (DX), which was shown to induce the synthesis
of a relatively low-charge-density heparan sulfate, designated HS1,
by the A549 cells (Fig. 1.4a). A semipurified preparation of HS1
had a dose-dependent effect on induction of alkaline phosphatase
in A549 cells by lung fibroblast-conditioned medium (Fig. 1.4b)
and was able to replace DX in the activation of OSM and IL-6
(Fig. 1.4c) [Yevdokimova and Freshney, 1997].

There are several ways that matrix can vary. The common con-
stituents are collagen, fibronectin, laminin, and proteoglycans. Not
only can the proportions of each vary, but the type may also vary.
Collagen is present in matrix in 4 common forms, and up to 12
in total [Vuorio and Crombrugghe, 1990]. Basement membrane,
underlying the epithelium and separating it from the mesoder-
mally derived compartment, contains predominately type IV. Fi-
bronectin and laminin are fairly constant, but the proteoglycans
are very heterogeneous. They are made up of proteins conjugated
to four main types of GAGs: heparan sulfate, chondroitin sulfate,
dermatan sulfate, and nonsulfated hyaluronan. Within each group,
particularly heparan sulfate, there is heterogeneity in molecular
size, charge, degree of branching, number and position of sugar
residues, position and type of GAGs, and so on [Jalkamen, 1987].

Many matrix molecules contain the so-called RGD sequence of
amino acids (arginine, glycine, aspartic acid), which is responsible
for binding to the integrin class of receptors. RGD-containing
peptides alone antagonize the biological effects of matrix, and it
appears that receptor activation is dependent on RGD anchorage
to, or spatial organization within, the matrix macromolecules.

The extracellular matrix is therefore a very complex and vari-
able biosystem and, if one is attempting to control the microen-
vironment of the cells, something best to avoid. Nevertheless,
many cells require being grown on matrix to express differentiated
properties (see Chapters 2, 5, 8, 9). It is therefore an indispensable
element of the microenvironment for some epithelial differentia-
tion and may be the basis for the contact-mediated effect of some
cell-cell interactions [Simon-Assmann et al., 1986].

8.1.4. Cell Shape and Polarity

The typical histologic appearance of secretory cells shows the
nucleus located in the lower third of the cytoplasm, a basal lamina
on the basal surface, microvilli on the apical surface, and junc-
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Fig 1.4. Effect of semi-purified heparan sulfate
from A549 cells on induction of alkaline phos-
phatase. (a) Purification of [3H]glucosamine—
labeled glycosaminoglycans from A549 cells on
DEAE cellulose. The third peak is heparan sulfate
and was isolated and termed HSI1. (b) Dose-
response curve of the effect of HS1 on the induc-
tion of alkaline phosphatase by lung fibroblast
conditioned medium, which normally requires
dexamethasone for activity. (c¢) Effect of HS1, 5
pg/ml, or dexamethasone, 0.25 uM, on induction
of alkaline phosphatase by lung fibroblast condi-
tioned medium, oncostatin M, or interleukin-6. SF,
serum-free control; DX, 0.25 uM dexamethasone,
CM, lung fibroblast conditioned medium; OSM,
oncostatin M; IL-6, interleukin-6; PNP, p-nitro-
phenol. Reprinted from British Journal of Cancer
76(3), Yevdokimova and Freshney: Activation of
paracrine growth factors by heparan sulphate in-
duced by glucocorticoid in A549 lung carcinoma
cells, pp 281-289, 1977, Figures 1B, 5, 7, by per-
mission of the publisher Churchill Livingstone.
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tional complexes on the apicolateral surfaces. Cell surface anti-
gens like HMFG and P-glycoprotein become polarized to the ap-
ical surface and peptide hormone receptors to the basal surface.
These are examples of the differentiated properties of epithelium,
and it is a little teleological to say that they cause differentiation.
However, unless the cell is cultured in such a way as to allow
this polarity to develop, complete differentiation is not expressed.

One of the best examples is thyroid epithelium, where cells
grown on plastic become only partially polarized. Grown on col-
lagen in a filter well, the filter surface, in contact with the medium,
develops thyroid-stimulating hormone (TSH) receptors, transports
iodine into the cell, and secretes triiodothyronine (T;) into the
medium. The apicolateral surfaces, in contact with adjacent cells,
develop complexes of tight junctions and desmosomes, and the
apical surface develops microvilli, secretes thyroglobulin and io-
dine, and takes up newly synthesized T; to be transported to the
basal surface [Chambard et al., 1987].

Many other epithelia, grown in filter wells, also acquire polarity.
Colonic cells will transport amino acids from the apical to the basal
surface [Hidalgo and Borchardt, 1990], that is, from the filter well
to the underlying medium, and transport toxins from the basal to
the apical surface by virtue of the concentration of the efflux pro-
tein P-glycoprotein on the apical surface [Meyers et al., 1991].

It is therefore important for many epithelial cells, to achieve
maximum expression of differentiation, to be grown on a floating
raft of collagen (see Chapter 5) or in a filter well (see Chapter 2).
Filter wells have the additional advantage that a high cell density
can be generated locally, which is necessary for the cell to change
in shape from a flattened proliferative cell to a cuboid or columnar
nonproliferative cell but maintains a nonlimiting amount of me-
dium. Furthermore, vectorial transport can be modeled effectively
and the significance of cell interactions can be studied by direct
contact, by transfilter combination, or by separated coculture with
cells in the bottom of the dish interacting with those in the filter
well by diffusion of signaling molecules. By the last of these
methods, it has been possible to show that lung fibroblasts will
induce surfactant synthesis in type II pneumocytes (see Chapter
9) and in A549 alveolar carcinoma cells, particularly when treated
with glucocorticoid [Speirs and Freshney, 1991].

9. TRANSFORMATION

Typically, a cell line isolated from a normal tissue will complete
a set number of generations in vitro, stop growing, and eventually
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die out. Cell lines from tumors, however, often undergo a crisis
in which most of the cells are overgrown by a minority population
of smaller, faster-growing cells that are no longer anchorage-
dependent for growth. These cells give rise to a continuous cell
line that may be already, or may become, tumorigenic.

There are also a number of otherwise normal epithelial cell
lines that have become immortal, like the MDCK dog kidney
epithelium, various monkey kidney cell lines, and the mink lung
epithelial cell line MvlLu (Table 1.3). There are also reports of
immortalized human cell lines, like HB 100 from breast [Gaffney
et al., 1976], and HaCaT epidermal keratinocytes [Boukamp et
al., 1988, 1990]. However, spontaneous immortalization is still a
rare event, and still disputed, so many laboratories have now de-
veloped techniques for inducing immortalization by transfection
with oncogenic or viral DNA such as the large T-antigen gene
from SV40 [Linder and Marshall, 1990] or human papillomavirus
(see Chapters 3, 4, and 5). A number of cell lines have been
produced that retain some specific functionality, survive indefi-
nitely, and are free of transmissible viruses. This offers consid-
erable potential to the biotechnology industry for the production
of biopharmaceuticals and is a rapidly expanding area of interest.

The events involved in transformation are, of course, of major
interest to cancer biologists, and it is from their efforts that much
of the information regarding the mechanisms involved in trans-
formation are emerging. Like carcinogenesis, transformation is a
multistage process, and it undoubtedly shares some of the steps
involved in carcinogenesis. Probably the first event to be observed
in vitro is immortalization, and this is the feature that most people
would associate with the term in vitro transformation. Secondly,
and not necessarily simultaneously, there is an alteration in growth

TABLE 1.3. Examples of “Spontaneously’” Immortalized Epithelial Cell Lines From
Normal Tissue

Cell line Source Tumorigenicity Reference

HaCaT Human epidermia No Boukamp et al., 1988, 1990
MvlLu Mink lung Low ATCC CCLo64

MDCK Dog kidney No Rindler et al., 1979

HB100 Human breast No Gaffney et al., 1976
LLC-PK, Pig kidney No Hull et al., 1976

BS-C-1 Monkey kidney No ATCC CCL26

COMMA-D Mouse mammary gland No Danielson et al., 1984
Various Rat liver Yes Yeoh et al., 1990

Various Mouse liver No Paul et al., 1988
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control, which produces a more rapidly growing cell that is no
longer anchorage-dependent. The mink lung epithelial cell line
Mv1Lu became immortalized during the early stages of its evo-
lution, but, like the 3T3 cell, it can become more rapidly growing,
anchorage-independent, and tumorigenic by transfection with the
Ha-ras or other oncogenes [Khan et al., 1991].

Hence, the term transformation should be used with caution
and preferably as a binomial, for example, malignant transfor-
mation to imply a change from a nontumorigenic line to one that
forms invasive tumors; morphologic transformation where only
morphologic change has been observed; and in vitro transfor-
mation to imply immortalization combined with an alteration in
growth control (e.g., anchorage-independent growth, loss of con-
tact inhibition of cell migration, and loss of density limitation of
cell proliferation or fopoinhibition). Where no alteration in growth
control is implied (e.g., in contact-inhibited 3T3 cell lines), it is
better to use the term immortalization and reserve in vitro trans-
formation for cells that show altered growth control. Usually, but
not always, the development of autonomous growth control (lower
serum growth factor dependence), loss of contact inhibition and
topoinhibition, and anchorage independence correlate with malig-
nancy and they may be the same as, or at least a major component
of, malignant transformation.

From a practical standpoint, it is likely that the higher cloning
efficiencies of transformed cells and continuous cell lines derive
from their acquisition of autonomous growth control. Although
cell proliferation in a tissue may usually be under paracrine con-
trol, which is unavailable to cloning cells, growth of transformed
cells is more likely to be under autocrine control, and hence in-
dependent of cell density and cell-cell interaction. Transformed
cells will therefore tend to show higher plating efficiencies and
reduced serum dependence.

Because of the frequent correlation of in vitro transformation
(loss of growth control) with malignancy, the characteristics used
to recognize transformed cells are often used to identify tumor
cells in vitro. It should be realized, however, that tumor cells
freshly explanted from a tumor and grown in early-passage culture
need not necessarily express all the characteristics of a cell line
that has transformed, or has been transformed, in vitro. However,
it is useful to summarize these for the benefit of those who wish
to culture tumor cells. Few are diagnostic alone, and simultaneous
expression of several properties may be required to be at all
certain:
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Aneuploidy. The chromosomal constitution of continuous cell
lines is usually abnormal and unstable. It may be by virtue
of this instability that the cell line has become immortal. Ev-
idence of aneuploidy may be seen in chromosome changes
such as deletions, polysomy, and translocations revealed by
conventional karyotyping or by the use of specific molecular
probes or chromosome paints [Croce, 1991].

Heteroploidy. This is also the result of genetic instability, and
it implies that the population contains a range of cells with
differing chromosome numbers.

Contact inhibition. This is the inhibition of cell movement at
confluence brought about by cell contact, and it produces a
regular monolayer [Abercrombie et al., 1967]. Some cells
may become multilayered in an ordered manner without los-
ing contact inhibition (e.g., keratinocytes before desquama-
tion), but this should be distinguished from a disorderly array
of cells with a high rate of motility and proliferation in the
upper layers.

Density limitation of cell proliferation (topoihibition). As
cells become crowded in a confluent monolayer, they change
shape and occupy less of the substrate. Normal cells will
cease to divide at this stage, known as saturation density, but
transformed cells will continue to divide [Stoker and Rubin,
1967], generating a higher saturation density and exhibiting
a higher labeling index with [’H]TdR or cycle-specific probes
such as proliferating cell nuclear antigen (PCNA) or Ki67.
Anchorage independence. Transformed cells will generally
form colonies in suspension in agar with a higher efficiency
than untransformed cells.

Proteases. Transformed cells often exhibit higher proteolytic
activity than untransformed cells [Mahdavi and Hynes, 1979],
owing frequently to elevated plasminogen activator activity,
usually of the urokinase type [Markus et al., 1980].
Angiogenesis. Tumors grow beyond about 1 mm in diameter
only by inducing their own vascularization. They do so by
secreting angiogenesis factors, and these may be assayed by
absorbing a cell extract on filter paper and placing it on the
chorioallantoic membrane of the hen’s egg [Ausprunk et al.,
1975].

Invasiveness. It is possible to assay invasiveness by cocultur-
ing aggregates of cells with precultured 10-day chick embryo
heart fragments [Mareel et al., 1979]. Invasive cells penetrate
the chick heart tissue, cause degeneration, and ultimately re-
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place it. It is also possible to place the cells in a chemotaxis
chamber on Matrigel with a chemoattractant in the lower
chamber [Hendrix et al., 1987] or to seed tumor cells on the
lower side of a filter well and monitor invasion into Matrigel
in the upper compartment by confocal microscopy [Brunton
et al., 1997].

9. Tumorigenesis. Transformed cells will produce tumors in an
isologous host or, as xenografts, in immuno-incompetent
mice, such as the nude mouse [Giovanella et al., 1974; Pre-
tlow et al., 1991]. Technically, these tumors should be inva-
sive to be malignant, but often cells isolated from a patently
malignant human tumor form tumors in nude mice but do not
invade or metastasize.

The following chapters deal with some of the more commonly
used epithelia and present specific protocols for their cultivation
and characterization.
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I. INTRODUCTION

Epithelial cells of most organs can be grown and studied in
tissue culture because of the progress made in basic cell culture
technology and the improvement in our understanding of the dis-
tinct culture requirements of the various epithelia (see other chap-
ters in this volume). Among these cells, the stratified squamous
epithelia covering external or internal surfaces have received par-
ticular attention (see Chapters 3 and 5) because of their frequent
involvement in disease.

The development of an orderly, structured, and well-organized
epithelium during embryogenesis as well as the maintenance of
the homeostasis of epithelia in vivo strictly depends on epithelial
interactions with appropriate connective tissue. Accordingly, in
skin the formation and maintenance of the mature epidermis, con-
sisting of basal, spinous, granular, and cornified strata, a contin-
uous process involving keratinocyte proliferation and terminal dif-
ferentiation, is regulated by mesenchymal influences (Fig. 2.1)

keratin 2e
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3 Stratum granuiosum filaggrin
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Fig 2.1. Schematic illustration of the architecture of human epidermis. Consecutive morphologic
changes during tissue differentiation are paralleled by the spatial expression and modification of
differentiation products [for details see Fusenig, 1986 and Bowden et al., 1987; modified from Fu-

senig, 1986].
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[for review, see Fusenig, 1994]. Transplantation studies have re-
vealed that the underlying mesenchyme profoundly influences
morphogenesis and differentiation of adult epithelia. Normaliza-
tion of epithelial development, including formation of a structured
basement membrane, is independent of direct contact between epi-
thelial and mesenchymal cells, as shown by a 1- to 2-mm-thick
diffusible collagen gel lattice that served as matrix for keratino-
cytes and separated the epithelial cells from the mesenchyme
[Fusenig et al., 1982; Bohnert et al., 1986; Boukamp et al., 1990].
This indicated that the epidermal homeostasis and the differenti-
ation program are regulated by diffusible factors provided by the
mesenchyme.

In vitro, the deficiency of keratinocyte growth and epitheliali-
zation is due to the absence of mesenchymal influences [Breit-
kreutz et al., 1984; Fusenig, 1992; Smola et al., 1993]. However,
in coculture with mesenchymal cells, isolated and cultured epi-
thelial cells realize their intrinsic potential for tissue-specific dif-
ferentiation and still respond to appropriate extracellular regula-
tory stimuli [Maas-Szabowski et al., 2000]. On the basis of these
observations, culture models have been developed in vitro to
study epithelial-mesenchymal interactions and to identify the reg-
ulating diffusible factors. Organ culture preparations, on the other
hand, are of limited use because of their relatively short culture
life and their heterogeneous cellular composition.

An early attempt at establishing in vitro models to study the
influence of mesenchymal cells on proliferation and differentiation
of epithelial cells was the feeder-layer coculture method developed
by Rheinwald and Green [1975] to expand primary keratinocytes.
With this method keratinocytes grow in coculture with postmitotic
fibroblasts (feeder cells) submerged in culture medium (see Chap-
ters 3 and 5); the growth arrest of fibroblasts is indispensable to
prevent the mesenchymal cells from overgrowing the epithelial
cells. In these cocultures it was demonstrated that keratinocyte
growth strongly depends on the presence of the mesenchymal cells.
Because direct cell-cell contact of both cell types is not required,
growth stimulation of epithelial cells is provided by soluble factors
produced by the fibroblasts [Waelti et al., 1992]. Feeder cells, ren-
dered postmitotic by irradiation with y-rays or mitomycin C treat-
ment, are still functionally competent and able to react to external
stimuli and to upregulate growth factor production necessary for
keratinocyte proliferation [Maas-Szabowski and Fusenig, 1996].
Thus the often-used term “lethally irradiated cells’ is misleading
and should be replaced by ‘“‘permanently postmitotic cells.”
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However, in these two-dimensional feeder-layer cocultures,
keratinocyte differentiation is still compromised and thus incom-
plete, in that properly stratified and keratinizing epithelia are not
formed. Only in three-dimensional in vitro culture systems or
transplantation assays in vivo will keratinocytes develop well-
ordered epithelia allowing analysis of the differentiation process
and its regulation. To examine this process, organotypic cocultures
were established and further refined consisting of normal epithe-
lial and mesenchymal cells, neoplastically transformed epithelial
cells, immortalized cell lines, combinations of both, or even com-
binations of cells from different species (e.g., human/mouse). The
use of heterologous models facilitates the identification of the
source of diffusible factors involved in epithelial-mesenchymal
interactions. In general, organotypic cocultures offer the following
opportunities:

(1) To study the influence of known local and systemically act-
ing growth factors, hormones, and vitamins
(i1) To characterize the altered growth and differentiation fea-
tures of transformed cells
(iii) To understand the characteristic behavior of malignant cells
such as loss of histotypic architecture, tumor formation, and
invasion.

Although epithelial-mesenchymal interactions are operative in
in vitro culture model systems, the biological significance and in
vivo relevance of the effects observed in vitro should always be
confirmed under more physiologic, i.e., in vivo conditions. Along
with the examination of altered gene function in knock-out mice
or transgenic mice [see Bajou et al., 1998], the surface transplan-
tation assay is considered the most reliable test to identify normal
epithelial physiology [Fusenig, 1983; Breitkreutz et al., 1998] as
well as alterations in growth and differentiation associated with
malignant transformation [Skobe et al., 1997; Bajou et al., 1998].
Both the transplantation assay and in vitro culture models used to
study epithelial-mesenchymal interaction are outlined below.

2. TRANSPLANTATION MODELS FOR
SURFACE EPITHELIA

Whether cultivated epithelial cells have preserved their capa-
bility to differentiate and to reorganize into structured epithelia
should be tested under physiologic, i.e., in vivo, conditions. For
human keratinocytes the method of choice is orthotopic trans-
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plantation onto the back muscle fascia of nude mice [Fusenig et
al., 1983, 1994]. This surface transplantation assay is also useful
to monitor the tumorigenic potential of transformed keratinocytes
to develop a malignant phenotype and to grow invasively [Skobe
et al., 1997; Fusenig et al., 2000].

The particular technique presented here exploits hat-shaped sil-
icone transplantation chambers (see Appendix: Sources of Mate-
rials) that protect the graft from desiccation and isolate it from
contiguous host epidermis. In general, there are two alternatives
for inserting keratinocytes into the transplantation chamber: (1) as
a single cell suspension directly onto the host dorsal muscle fascia
(Fig. 2.2, left) and (2) as a preformed monolayer or even organ-
otypic culture on an intermediate matrix separating epithelium and
mesenchyme (Fig. 2.2, right). The latter version is preferred be-
cause it provides more controlled conditions of cell take and thus
reproducibility of the graft take. To produce these grafts, normal

Silicone
transplantation
chamber

CRD-Teflon
rings

Mouse back skin

Mouse Muscle
mesenchyme fascia

Collagen Polypropylene
matrix film

Fig 2.2. Schematic cross sections through a transplantation system of keratinocytes either directly
inoculated as single cells onto the host mesenchyme (left) or implanted as intact organotypic culture
on a collagen gel (mounted in CRD) that separates epithelium and mesenchyme (right).
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or transformed keratinocytes (typically 2 X 10%/graft) are precul-
tivated in vitro on a collagen type I gel layer (1-2 mm thick)
prepared as described in Protocol 2.3(A), either with or without
incorporated fibroblasts. To achieve higher stability and better
handling, the collagen gels are mounted into two concentric Teflon
rings of the Combi-Ring-Dish-system (CRD) described by Noser
and Limat [1987]. which exactly fit into the silicone transplanta-
tion chambers. Keratinocytes are seeded onto the collagen surface
and incubated submerged for 24—48 h. These organotypic CRD-
cultures are then covered with the silicone chamber and subse-
quently implanted onto the dorsal muscle fascia of nude mice (for
details see Protocol 2.2).
The advantages of this grafting assay for cultured cells are:

(i) A low cell number is required (1-2 X 10’ per graft) for a
high take rate (95-100%).

(ii)) Because the cells are transplanted as preformed cultures at-
tached to the matrix, no cell loss caused by lack of attach-
ment in vivo (as encountered after injection of cell suspen-
sions) occurs.

(iii) Transplants across histocompatibility barriers remain vital
for at least 4 weeks. This lack of early rejection is most
probably caused by the low number of allogenic cells and
the virtual absence of a larger number of dead cells that
might act as immunogens [Fusenig et al., 1983, 2000].

(iv) The graft is protected from overgrowth by host keratino-
cytes and can be easily recognized and dissected en bloc.

(v) Because of the interposed collagen gel, early mesenchymal
reactions (e.g., granulation tissue formation, angiogenesis)
can be studied in detail.

(vi) Finally, these surface transplants maintain a stable geometry
typical for a surface epithelium and allow the analysis of
epithelial-mesenchymal interactions in the same configura-
tion as established in organotypic cocultures in vitro.

Protocol 2.1. Transplantation of Keratinocyte Suspensions

Reagents and Materials

Sterile or Aseptically Prepared

Ketanest
Rompun
Medium: DMEM with 10% fetal bovine serum (FBS)
Keratinocyte suspension, | X 10°~2 X 107 cells/ml

oooU
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Q Silicone transplantation chamber (without CRD)
U Scalpels, #1 |

U Scissors, fine

U Syringe, | ml, with a needle (2 gauge)

Q Cannula (size 0.40 X 21 mm)

Nonsterile

U Mice for implantation

Protocol

(a) Implant the silicone transplantation chamber onto the mouse
back muscle fascia as follows:

i) Anesthetize the mice by i.p. injection of 0. mg per g
body weight Ketanest and 0.015 mg per g body weight
Rompun.

ii) Make a sagittal incision in the back of an anesthetized
nude mouse. Transfer the transplantation chamber unit
onto the muscle fascia.

iii) Keep in place by closing the skin above the ring of the
silicone chamber.

iv) Fix the wound margins tightly with wound clips.

(b) Inoculate the cells directly into the chamber. Usually | X
10°-2 X 10° cells in 100 ul of medium are applied by syringe
with a needle pricked through the roof of the silicon cham-
ber, while a second needle (0.40 X 21 mm) is inserted to
avoid overpressure (Fig. 2.2, left).

(c) Take care to keep the mice anesthetized and immobilized for
about half an hour, so that the chambers can remain hori-
zontal for cell attachment to the muscle fascia and to prevent
cell outflow from the chamber thus leading to irregular cell
distribution or failure of take.

Protocol 2.2. Transplantation of Keratinocytes on a
Collagen Matrix

Reagents and Materials

Sterile

U Culture medium: DMEM with 10% FBS

U CRD assembly, 8-mm internal diameter (see Fig. 2.2, right)

U Collagen gel solution prepared according to Protocol 2.3(A)
(see below)

Cell Interaction and Epithelial Differentiation

37



38

U Multiwell plates, 24 wells

O Polypropylene film, 20-m thickness (available from Renner,
Germany), 3 X 3-cm pieces with a central circular perforation
corresponding to the inner diameter of the inner Teflon ring
of the CRD assembly. Sterilized in 70% ethanol.

U Stanzen Petri dishes

U Forceps, fine

Protocol

(a) Pour collagen gel solution into 24-well plates, 500 ul per
well (I16-mm diameter), to fabricate gels of appropriate size
to fit into the CRD assembly.

(b) Allow | h at 37°C in a humidified incubator for gelation to
take place.

(c) Cover the gels with | ml of culture medium.

(d) Detach gels from wells and place on a piece of polypropyl-
ene film. This is an important auxiliary tool for mounting
that prevents the gel from being ruptured while being
mounted between the concentric Teflon rings of the CRD.

(e) Center the gel and polypropylene film carefully above the
outer ring of the CRD.

(f) Place the inner ring centrally on top of the collagen gel and
push the gel on the film gently into the outer ring so that
the gel now stretches over the lower open end of the CRD
assembly (see Fig. 2.2, right).

(g) Equilibrate assembled CRDs with culture medium in Stan-
zen Petri dishes providing free medium access from below.

(h) Incubate at 37°C.

(i) Plate 2 X 10° epithelial cells, in 100 ul of medium, onto the
collagen gel in the inner ring of the CRD.

(i) Allow to attach for 12—24 h.

(k) Rinse the cells with medium.

(I) Aspirate the medium covering the cells from the CRD.

(m) Cover the CRD with the silicone transplantation chamber,
fitting the outer Teflon ring tightly.

(n) Insert a cannula (size 0.4 X 21 mm) into the dome-shaped
roof of the transplantation chamber to release the pressure,
to prevent the risk of damaging the collagen matrix by me-
chanical distortion or by creating overpressure inside the
chamber.

(o) Lift the chamber with this cannula onto the CRD and push

gently down with forceps.
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(p) For transplantation,
i) Anesthetize mice by i.p. injection of 0. mg per g body
weight Ketanest and 0.015 mg per g body weight
Rompun.

if) Make a sagittal incision in the back of the anesthetized
nude mice.

iii) Transfer the complete CRD-transplantation chamber
unit onto the muscle fascia.

iv) Keep in place by closing the skin above the ring of the
silicone chamber and tightly fix the wound margins
with wound clips.

(q9) Transplants are excised en bloc at desired time points and
further processed for histology and cryotome sectioning

(see Protocol 2.3, Analysis (ii), below).

Both methods are suited for reconstitution of epithelial tissue
with characteristic differentiation features by grafted cells within
1 week [Breitkreutz et al., 1984, 1997]. In addition, this trans-
plantation assay represents a reliable method to discriminate be-
nign (noninvasive) and malignant phenotypes of epithelial cells.
Although various degrees of epidermal dysplasia are common to
transplants of transformed keratinocytes in different stages of ne-
oplastic conversion, the malignant cells exclusively display in-
vasive growth in such transplants, whereas premalignant cells
form stratified epithelia on top of a newly formed granulation
tissue. Primarily in cancer research, this transplantation assay is
an indispensable tool to evaluate altered cell regulation in the
context of a physiologic environment that, so far, cannot be pro-
vided by in vitro models [for review see Fusenig et al., 2000].

3. ORGANOTYPIC COCULTURES OF EPITHELIAL AND
MESENCHYMAL CELLS

The molecular mechanisms of epithelial-mesenchymal interac-
tions are difficult to study under in vivo conditions because of the
many variables involved and the lack of properly controlled ex-
perimental conditions. Consequently, suitable in vitro models for
studying epithelial-mesenchymal interaction have been developed.

3.1. Organotypic Epithelial Cultures

All surface epithelia, including the epidermis, are exposed with
their upper cell sheets to the outer or inner environment while
being nourished from the basal side attached to the stroma. This
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in vivo situation is completely altered in conventional culture sys-
tems: the epithelial cell population grows submerged in medium,
devoid of specific extracellular matrix and mesenchymal influ-
ence, making it difficult to achieve the correct cellular polarity.
To render the culture more like in vivo conditions, organotypic
culture models have been developed [Bell et al., 1981; Prunieras
et al., 1983].

The simplest way to study the effect of mesenchymal cells on
epithelial cell growth and differentiation is to add a piece of struc-
tured mesenchyme (e.g., dermis) to such cultures by placing it be-
neath the collagen gel matrix [Fusenig et al., 1983; Fusenig, 1992].
The piece of mesenchyme can either be vital or devitalized by
repeated freezing and thawing (at least 3X freezing in liquid nitro-
gen and thawing at 37°C). However, the use of living dermis under
a gel matrix, as well as epithelia cultured directly on dermis, could
create the following problems, (1) Because of the thickness of the
mesenchyme, cells in the center will soon degenerate when incu-
bated in medium under regular culture conditions. (2) Remnants of
epithelial cells from skin appendages (hair follicles, sweat glands)
will rapidly repopulate the surface of the mesenchyme and influ-
ence the mesenchymal-epithelial interaction [Fusenig et al., 1991].

Recombinant organotypic cultures of isolated epidermal cells
grown directly on devitalized dermis result in the formation of
well-structured epithelia within 8—10 days. The multilayered ep-
ithelia express characteristic differentiation products such as ker-
atins, involucrin, and lipids [Prunieras et al., 1983; Grinnell, 1987;
Fartasch and Ponec, 1994; Hertle et al., 1995; see also Section
5.2]. The complex tissue of an intact dermis, even if devitalized
by freezing and thawing or by irradiation, still contains large
amounts of active soluble factors, possibly immobilized in the
matrix, able to exert short-term regulatory effects on the epithelial
cells growing on the upper surface [Regnier and Darmon, 1989].

Moreover, organotypic culture systems with devitalized dermis
are difficult to standardize, because pieces of dermis with repro-
ducible quality (in structure, age, or body site) are difficult to
produce and even more difficult to analyze for causal factors and
their mechanisms of action. Therefore, simplified organotypic re-
combinant culture models with isolated mesenchymal cells rep-
resent a preferable way to analyze the function of connective tis-
sue elements.

In such organotypic cultures, human epidermal keratinocytes
grow exposed to air in special filter inserts (see Appendix: Sources
of Materials) on a matrix of collagen type I, which is isolated
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from rat tail tendon or calf skin (Fig. 2.3). To become functional
dermal equivalents, the collagen gels contain dermal fibroblasts
that may proliferate in the collagen gel and eventually reorganize
this matrix by producing extracellular matrix components com-
parable to the wound situation [Coulomb et al., 1984; Smola et
al., 1993]. While contracting the gels to a densely structured lat-
tice with oriented collagen fibrils, the fibroblasts reduce their pro-
liferative activity, alter their protein synthesis, and acquire a rest-
ing state comparable to that of dermis [Coulomb et al., 1984].
Furthermore, in this model, the contact of the cultures with me-
dium is restricted to the base of the gel so that fibroblasts and
keratinocytes are nourished by diffusion from below. Optionally,
cultures can be grown in serum-containing medium or under more
defined conditions in defined medium (Stark et al., 1999; see Sec-
tion 4.2).

When plated on the upper surface of collagen gels containing
embedded fibroblasts, epithelial cells rapidly attach and form con-
fluent layers within 1-2 days. Subsequently, keratinocytes recon-
stitute an epithelial tissue architecture resembling the epidermis
(Figs. 2.4, 2.5a—1) and expressing characteristic epidermal differ-
entiation markers [Parenteau et al., 1991; Contard et al., 1993;
Fusenig, 1994; Stark et al., 1999]. In the absence of fibroblasts
only thin epithelia arise with rapid loss of proliferation and in-
complete differentiation (Fig. 2.4a) [Smola et al., 1993; Fusenig,
1994; Maas-Szabowski et al., 2000].

In cocultures of mesenchymal and epithelial cells, the function
of diffusible factors mediating epithelial-mesenchymal interac-
tions and the dynamics of basement membrane formation (Fig.
2.6) has been demonstrated [Smola et al., 1998; Maas-Szabowski
et al., 2000]. Furthermore, many aspects of epidermal biology
depending on regular keratinocyte differentiation became acces-

-"""—"‘ r\"""- Fig 2.3. Schematic illustration
of the organotypic culture sys-
tem. Keratinocytes growing air-
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L e __J—+ Collagen Gel medium from underneath.
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sible, e.g., the reepithelialization in wound closure, the relation of
proliferation and integrin pattern, the expression of human pap-
illomavirus promoters, and the development of the stratum cor-
neum barrier [Garlick and Taichman, 1994; Nuss Parker et al.,
1997; Ponec et al., 1997; Rikimaru et al., 1997]. These aspects
can be analyzed in organotypic cocultures for up to 3 weeks. with
maximum effects usually discernible by 1-2 weeks and a decline
thereafter. Morphologic criteria can be visualized by histologic
(Figs. 2.4, 2.5a—f) and electron microscopic techniques (Fig. 2.6)
as well as the spatial expression of differentiation products by
immunohistochemistry. The expression patterns of interacting
molecules can be analyzed by RNA and protein levels according

T

Fig 2.4. Effect of fibroblast numbers on epidermal tissue regeneration in or-
ganotypic cocultures. Histologic sections of 7-day-old organotypic cultures with
no (A), 1 X 10* (B), 2 X 10° (C), 5 X 10* (D), 1 X 10’ (E), and 2 X 10° (F)
postmitotic fibroblasts per ml in the collagen matrix. (H and E staining) [see
also Maas-Szabowski et al., 2000].
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Fig 2.5. Epithelial morphogenesis in organotypic cocultures of keratinocytes
and mitotic fibroblasts. Keratinocytes are cultured air-exposed on fibroblast-
containing collagen lattices in serum-containing medium (FAD; a, ¢, e) and
defined medium (SKDM; b, d, f) and processed for histology at 1 wk (a, b), 2
wk (c, d), and 3 wk (e, f). There is a large increase in stratifying cell layers
during the first week (a, b), whereas later viable layers approach an equilibrium
with the thickening stratum corneum (H and E staining; scale bar: 50 wm).
(g, h) Macroscopic views of 3-wk-old organotypic cocultures in serum-
containing FAD medium (g) and defined SKDM medium (h) illustrate the dif-
ferent degrees of retraction performed by the fibroblasts. (Scale bar: 1cm) [taken
from Stark et al., 1999].
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Fig 2.6. Morphology and ultrastructural architecture of organotypic cocultures
at 3 wk. (a) Semi-thin section showing the overall morphology of the developing
epidermis, (b, c) different magnifications of the basal aspects of basal keratin-
ocytes (BK) on top of fibroblast (F)-containing collagen gels (CG). Straight
arrows depict the lamina lucida (LD) of the newly formed basement membrane,
which also contains mature hemidesmosomes (HD) and subbasal dense plates
(sdp). Inset in (b), desmosomal junctions between adjacent keratinocytes rein-
forced by attached tonofilament bundles. [Bars 100 um in (a), 200 nm in (b)
and (¢), 40 nm in inset in (b)] [for details see Smola et al., 1998].
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to appropriate molecular methods [Smola et al., 1993, 1998;
Maas-Szabowski et al., 2000].

3.2. Dermal Equivalents

Besides collagen type I, other extracellular matrices have been
utilized in organotypic cultures such as mixtures of collagen type
I and IIT [Lillie et al., 1988] or basal lamina constituents (e.g.,
laminin, collagen type IV, fibronectin) [Tinois et al., 1991]. A
widely used material is Matrigel, a mixture of ECM components
extracted from tumor stroma [Kleinman et al., 1986] (see also
Appendix: Sources of Materials).

In the organotypic culture system with mesenchymal cells dis-
persed in the gel, direct cell-cell contact between the surface ep-
ithelium and the matrix-embedded fibroblasts cannot be strictly
excluded because of the tendency of mesenchymal cells to migrate
and accumulate beneath the epithelium. To generate a more de-
fined localization of both cell types, epithelial and mesenchymal
cells can be separated by addition of a cell-free matrix on top of
the fibroblast-containing collagen gel consisting of collagen type
I, other specific matrix components, or a mixture of ECM com-
ponents (Matrigel). With a similar sandwich technique it is even
possible to introduce a third cell type, e.g., endothelial cells, in a
gel below the fibroblast matrix. To prevent early mesenchymal-
epithelial cell contact, fibroblasts are plated on the surface of a
filter insert and, after attachment, a cell-free gel is poured above.
Alternatively, fibroblasts are plated on the lower membrane sur-
face of a filter insert containing a cell-free collagen gel and, after
attachment, keratinocytes are plated on top of the cell-free matrix.
Within 1-3 weeks of culture, mesenchymal cells continue to mul-
tiply and progressively repopulate the collagen lattice, usually
maintaining horizontal orientation but remaining separated from
the epithelium for 2—-3 weeks.

In addition to the problem of direct cell-cell contact, the fluc-
tuating number and different proliferative state of fibroblasts cause
further variations influencing the dynamics of the epidermal-
dermal cell interplay because of the variable increase in cell num-
ber depending on seeding density [Coulomb et al., 1989; Stark et
al., 1999]. To standardize the fibroblast compartment, the organ-
otypic culture system was further improved by using fibroblasts
rendered permanently postmitotic by high-dose X irradiation. As
demonstrated in two-dimensional cultures, in which feeder layer
cocultures are used to promote expansion of the keratinocytes, the
irradiated fibroblasts are still functionally active, as far as cellular
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integrity, expression and secretion of growth factors and cytoki-
nes, and the response to specific inducers are concerned [Limat
et al., 1989; Waelti et al., 1992; Smola et al., 1993, 1994; Bumann
et al., 1995; Maas-Szabowski and Fusenig, 1996].

For organotypic cocultures, the use of postmitotic cells offers
several advantages. (1) The fibroblast number is kept constant
throughout extended culture periods, at least for to 3 weeks. In
contrast, proliferating fibroblasts, depending on the culture system
and collagen concentration, multiply at different rates in the ma-
trix, eventually populating the filter surface as well and thus caus-
ing considerable variation in cell numbers. (2) Based on a stably
maintained fibroblast population, it is possible to determine reli-
able cell numbers required for sustaining minimal or promoting
optimal epidermal growth and differentiation (Fig. 2.4). This al-
lowed establishment of organotypic cultures with subthreshold
cell numbers to study the effect of added specific growth factors
at given time points [Maas-Szabowski et al., 1999]. (3) Impor-
tantly, the irradiated postmitotic fibroblasts more closely resemble
the resting stage exhibited by the majority of fibroblasts in normal
dermis. (4) Finally, the resting fibroblasts also reduced the colla-
gen gel contraction (see Fig. 2.5g, h), a problem usually encoun-
tered with proliferating fibroblasts in collagen gels [Stark et al.,
1999].

Protocol 2.3. Preparation of Organotypic Skin Cocultures

Reagents and Materials

Sterile or aseptically prepared

U Epithelial cells, e.g., human skin keratinocytes

U Dermal fibroblasts

O FBS

U Culture media: DMEM with 10% FBS or, particularly for nor-
mal human keratinocytes, FAD (Ham’s FI2 and DMEM, | +3)
with 10% FBS; alternatively serum-free, defined formulations
such as SKDM [see Stark et al., 1999]; all media supplemented
with 50 ug L-ascorbic acid per ml)

U Type | collagen

] Hanks’ balanced salt solution, 10X

U NaOH, I N

U Acetic acid, 0.1% (0.17 M)
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U Filter well inserts, 2.5 cm (see Appendix: Sources of Materials;

see also Fig. 2.3)

U Multiwell plate, 6-well, deep wells

Nonsterile

a

Ice

Protocol

(A) Dermal equivalents

@)

(b)

()

(d)

(e)
]
(8

(h)
()
0);

Resolubilize the collagen at the desired concentration
(2—4 mg/ml; dry weight) in 0.1% acetic acid and keep at 4°C.
(Collagen solutions above 6 mg/ml are very viscous and dif-
ficult to handle,)

Mix ice-cold collagen solution (80% of total volume, 4 mg/
ml) with 10X Hanks’ salt solution (10% of total volume)
and adjust it to pH 7.4 by adding 20—60 wl of | N NaOH
while stirring on ice.

The number of fibroblasts necessary for the desired con-
centration in the gel (I X 10°~1 X 10° per ml) is resus-
pended in FBS (10% of total volume), or, in the case of cell-
free gels, FBS alone (10% of total volume) is mixed with the
gel solution on ice with gentle stirring.

Starting with 4 mg/ml collagen solution in acetic acid the
final concentration of the collagen solution is then ~3.2
mg/ml.

Using cooled pipettes, dispense 2.5-ml aliquots of the com-
plete collagen solution into each 2.5-cm filter insert.

Place the filter inserts into a deep six-well plate and incu-
bate for | h at 37°C in a humidified incubator for gelation.
Place glass rings corresponding to the diameter of the filter
inserts (internal diameter 18 mm, wall thickness 2 mm,
height 8 mm ) on the gel and gently push down by mild
pressure with forceps to compress the gel and to delineate
the area for seeding the keratinocytes.

Place gels with the glass rings for | h at 37°C in a humidified
incubator.

Gently aspirate the excess liquid pressed out without
touching the glass ring.

Equilibrate the gels by complete immersion in culture me-
dium for 24 h.
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(B) Epithelial cells

(k)

o
(m)

(n)

Plate epithelial cells, e.g., human skin keratinocytes, (1 X 10°
cells in | ml of medium for 2.5-cm inserts) inside the inner
ring. They attach within 12—24 h and form a nearly confluent
layer on top of the collagen gel.

Rinse the keratinocyte cell layer with | ml of medium 24—
30 h after seeding.

Remove the glass rings, avoiding any mechanical distortion
of the epithelial cell sheet. Occasionally, the margin of the
cell layer must be detached from the glass rings with a scal-
pel before the ring is removed.

Change the culture medium, and, by lowering the medium
level to the lower parts of the gels, raise the cultures to the
air-liquid interphase, restricting nourishment to diffusion
from below.

Analysis

The regulation of directional processes such as secretory func-
tions or apical differentiation mechanisms can be studied in such
polarized cultures. Furthermore, it is possible to investigate the
effects of agents applied either “‘topically” (to the upper surface
of the epithelial cultures) or “‘systemically’’ (added to the culture
medium and, after diffusion through the collagen lattice, coming
into contact first with the basal-layer epithelial cells).

@

(i1)

(iii)

Specific effectors can be added to the medium and replaced
by medium changes every 2—3 days to act as “local” or
“systemic” factors after diffusion through the dermal
compartment.

For histologic analysis (see Figs. 2.4, 2.5a—f) or immunoh-
istochemistry, embed the organotypic cocultures in agar
(2%) to prevent dislodgment of the epidermal and dermal
compartment during further preparation, fix in formalde-
hyde (3.7%), and then process en bloc in paraffin or prepare
as specimens for cryosectioning by embedding in Tissue
Tek-OTC compound and subsequent snap freezing in liquid
nitrogen.

For expression studies RNA or proteins can be extracted
from the epithelial and mesenchymal compartments sepa-
rately, after simple mechanical separation, without incurring
cross contamination. Possible contamination of the epider-
mal compartment by fibroblasts is excluded by RT-PCR
analysis of KGF mRNA (produced exclusively by stromal
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cells) and, vice versa, by checking the fibroblast compart-
ment for expression of keratins (epithelial exclusive).

(iv) Cell numbers in the dermal equivalent can be quantitated
by counting cells after their release from the collagen lattice
by dissolving the gels in PBSA for 2—4 min at 60°C and
collecting cells by centrifugation. Alternatively, gels can be
digested by incubation in collagenase, 2 ug/ml, at 30°C for
35 min, although this is a more cumbersome and less ac-
curate procedure, usually restricted to the recovery of living
cells.

(v) Analysis of cell numbers in the reconstituted epithelium is
more difficult because dissociation of the epithelial layers
into single cells is problematic. Assessment of epithelial cell
numbers may be achieved by determining total DNA con-
tent and calculating the number of nucleated cells based on
standard curves established with monolayer cultures (see
Section 5.1).

(vi) At different time points the culture medium is collected and
stored at —80°C for determination of secreted proteins
(ECM components, growth factors, proteases, etc.) by
ELISA and Western blot analysis [see Maas-Szabowski et
al., 1999, 2000; Szabowski et al., 2000].

4. MODIFICATIONS OF ORGANOTYPIC COCULTURES

Various modifications of the recombinant culture model de-
scribed above have been designed to study different aspects of
skin biology such as the effects of specific cell types and matrix
compositions.

4.1. Variations of Epithelial and Mesenchymal Cells

Both isologous and heterologous combinations of epithelial and
mesenchymal cells from different species have been used. Ex-
amples for epithelia-derived cells and cell lines used in cocultures
and/or transplantation assays can only be listed here without fur-
ther details, e.g., mouse skin keratinocytes [Breitkreutz et al.,
1984; Mackenzie and Fusenig, 1993; Mackenzie et al., 1983],
human epidermal keratinocytes [Fusenig et al., 1983; Fusenig,
1992], outer root sheet cells of hair follicles [Noser and Limat,
1987], squamous cell carcinoma line SCC-13 [Kopan and Fuchs,
1989], normal foreskin keratinocytes and virus transformed ker-
atinocytes [Kaur and Carter, 1992], hair matrix and follicular ker-
atinocytes [Detmar et al., 1993], the spontaneously immortalized
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keratinocyte cell line HaCaT [Breitkreutz et al., 1998; Schoop et
al., 1999], H-ras transformed HaCaT cells [Vaccariello et al.,
1999]; conjunctival epithelial cells [Chen et al., 1994], human
ovarian epithelial cells [Gregoire et al., 1998], and mucosa epi-
thelial cells [Tomakidi et al., 1998]. Nonkeratinocyte cell types of
the epidermis such as melanocytes and Langerhans cells have also
been incorporated into the epithelial compartment of organotypic
cocultures [Regnier et al., 1997; Laning et al., 1999]. The inser-
tion of melanocytes makes it possible to investigate the regulation
of skin pigmentation as well as its modulation by cosmetic or
medical treatment. On the other hand, an in vitro skin model in-
cluding mature and functional Langerhans cells could become a
valuable device for testing of skin sensitization by contact aller-
gens, provided a meaningful end point marker can be established.

Dermal cell type mouse 3T3 fibroblasts [Kopan et al., 1987;
Kaur and Carter, 1992; Chen et al., 1995], human dermal fibro-
blasts [Fusenig et al., 1983; Asselineau and Pruniéras, 1984; No-
ser and Limat, 1987; Breitkreutz et al., 1998; Stark et al., 1999;
Maas-Szabowski et al., 2000], scleroderma fibroblasts [Mauch et
al., 1992], or even SCC tumor-derived fibroblasts [Atula et al.,
1997] have been incorporated into the matrix depending on the
experimental purpose. Different approaches have also exploited
devitalized dermis to establish recombinant cultures [Ponec et al.,
1997; Eming et al., 1998]. With endothelial cells included in cul-
tured skin equivalents, an in vitro reconstruction of capillary-like
structures could be achieved [Black et al., 1998, 1999]. This might
have important implications for angiogenesis studies as well as
graft acceptance supported by improved vascularization. Most re-
cently, by including mouse fibroblasts from knock-out mice, even
if the genetic modifications are lethal at the embryonic stage,
novel aspects of epithelial-mesenchymal interactions with these
genetically modified fibroblasts and normal keratinocytes have
become accessible for molecular functional studies [Szabowski
et al., 2000].

4.2. Variations of Extracellular Matrix and Culture Media

The most common matrices for organotypic cocultures are col-
lagen type I gels used at different collagen concentrations (1-4
mg/ml) and obtained from different species and organs (e.g., rat,
bovine, tendons, skin, placenta). Alternatively, dermal equivalents
were reconstituted from collagen type IV, Matrigel, soft agar, or
mixtures of collagen and glycosaminoglycans [Dawson et al.,
1996; Supp et al., 2000; Takahashi and Nogawa, 1991; Zheng and
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Vaheri, 1995]. It is even possible to examine mesenchymal-
epithelial interaction without direct cell-cell contact of both cell
populations in two-chamber transfilter systems without any ex-
ogenous extracellular matrix component [Axel et al., 1997; Ghar-
ary et al., 1998, 1999].

The majority of cell culture experiments are performed in con-
ventional culture media (e.g., DMEM or other formulations) con-
taining serum and additional supplements (such as insulin, EGF,
cholera toxin either alone or in combination; see also Chapters 3
and 5). More defined culture conditions have become available
by the development of serum-free culture media (Fig. 2.5) [see
also Stark et al., 1999]. Under those defined conditions it is pos-
sible to examine the intrinsic mesenchymal-epithelial interaction
free of ill-defined serum constituents and to evaluate more pre-
cisely the responses of cells to addition or depletion of growth
factors, hormones, vitamins, and other compounds in the culture
medium.

5. CRITERIA FOR EVALUATION OF GROWTH
AND DIFFERENTIATION

The criteria for the analysis of the performance of epithelial
cells in mesenchymal cocultures are applicable to most cell types
but are particularly focused on skin epithelial cells (keratinocytes),
which have been studied most extensively in these in vitro model
systems.

5.1. Proliferation Parameters

Cell proliferation can be analyzed in tissue sections by estab-
lished methods such as mitotic index or immunolabeling. Some
of the conventional methods for studying cell proliferation in nor-
mal cell culture systems, such as cell counting and cloning effi-
ciency, cannot be applied to these complex model systems, in
which keratinocytes form keratinizing epithelia so that a complete
dissociation into single cells is no longer feasible.

Biochemically, proliferation can be assessed by measuring
changes in total DNA content, which usually parallel the number
of nucleated cells. However, this technique is not reliable for de-
termining the total cell number of the epidermis, because the DNA
is degraded during the differentiation process in the stratum cor-
neum. Measurement of protein content as a criterion of cell pro-
liferation is also not reliable because of changing cellular protein
levels during keratinocyte maturation. Determination of prolifer-
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ating cells has been done conventionally by incorporation of ra-
dioactive thymidine and analysis by autoradiography. The most
frequently used method today is labeling with the thymidine an-
alog BrdU (bromodeoxyuridine) and subsequent detection of the
proliferating cells on paraffin or frozen sections by specific anti-
BrdU antibodies. Positive nuclear reaction in cells that were in S
phase during the BrdU pulse can be recorded relative to the total
number of nuclei counterstained by a DNA dye. Alternatively,
immunohistochemical monitoring of proliferation in tissue or cell
culture sections, without any prelabeling, is possible with anti-Ki-
67 or anti-Mib1 antibodies specific for nuclear antigens in cycling
cells [Gerdes et al., 1984; Cattoretti et al., 1992].

5.2. Differentiation Markers

Characterization of epithelial differentiation in vitro by identi-
fying expression and localization of specific differentiation prod-
ucts of the relevant tissue can be performed by conventional bi-
ochemical, histochemical, and molecular biological methods. The
data obtained must be compared with established standards such
as the profile of differentiation markers in epidermis in vivo.
However, under experimental in vitro conditions, differentiation
parameters that are usually coexpressed in vivo can become un-
coupled, indicating inappropriate or altered differentiation pro-
cesses [Stark et al., 1999].

Morphology, as the most important qualitative parameter of ep-
idermal tissue reconstitution, is evaluated by light and electron
microscopy. The formation of a regular tissue architecture usually
is paralleled by normal expression patterns of differentiation prod-
ucts. On tissue sections RNA expression can be visualized and
localized by in situ hybridization. In addition, histochemical anal-
ysis of frozen or fixed tissue sections will demonstrate specific
differentiation products and their distribution in the tissue. Anti-
bodies to tissue-specific differentiation proteins, to cell surface
structures, to desmosomal or junctional proteins, or to basement
membrane components and various others are available for most
tissue types [see, e.g., Smola et al., 1998; Stark et al., 1999].

For evaluation of the differentiation process in epidermis-like
organotypic cultures, the following marker proteins are suggested
as useful hallmarks:

(i) Keratins as the predominant differentiation products of ker-
atinocytes and constituents of tonofilaments. Although ker-
atins 5 and 14 are present in all keratinocytes, keratins 1
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and 10 predominate in all suprabasal layers and keratin 2e
predominates in the stratum granulosum.

(i) Cornified envelope proteins such as involucrin and loricrin
are also located in the stratum granulosum.

(iii) Filaggrin, the major constituent of the keratohyalin gran-
ules, and transglutaminase are localized in the stratum gran-
ulosum as well.

6. FACTORS CONTROLLING TISSUE REGENERATION

Important questions in the study of epithelial-mesenchymal in-
teractions are directed toward the molecular mechanisms and fac-
tors involved in the permissive and/or inductive effects of the
tissue compartments involved. Cell-cell interactions via diffusible
factors and cell-matrix interactions via integrins have been shown
to modulate epithelial morphogenesis [Werner et al., 1992; Smola
et al., 1993; Breitkreutz et al., 1997]. Maintenance of tissue ho-
meostasis requires the proper functioning of these epithelial-
mesenchymal control mechanisms, which are predominantly me-
diated by diffusible factors [Fusenig, 1994; Maas-Szabowski et
al., 2000]. Although not all of these factors are defined yet, the
following principles must be considered as essential:

(i) Tissue homeostasis is controlled by the concerted action of

multiple factors regulating proliferation and differentiation.

(i1) Different factors originating from the mesenchymal and
epithelial compartment and acting in paracrine and/or au-
tocrine loops may interact with and influence each other.

(iii) Superimposed on these local factors are the systemic effects
of hormones, vitamins, and other mediators delivered by the
circulation and acting synergistically or antagonistically on
epithelial and mesenchymal tissue elements.

(iv) The relative concentrations of interacting factors are im-
portant for a balanced development and maintenance of tis-
sue architecture.

In this multifactorial interaction, polypeptide growth factors are
important mediators of intercellular communication and play an
important role in maintaining tissue homeostasis, outlined here for
the skin. Several growth factors and interleukins have been de-
tected in skin as well as in keratinocyte and fibroblast cultures,
such as IL-1, IL-6, IL-8, GM-CSF, TGF-a and -B, NGF, and
PDGF as well as several members of the FGF family [Luger and
Schwarz, 1995; Kupper and Groves, 1995; Schroder, 1995]. They
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Fig 2.7.

tures

54

Schematic illustration of the
double paracrine pathways of keratinocyte
growth regulation in organotypic cocul-
with fibroblasts involving IL-1,
KGF, and GM-CSF as well as their recep-
tors [see also Maas-Szabowski et al.,
2000; Szabowski et al. 2000].

are primarily understood as potent mediators of immune reactions
and inflammatory processes [Luger and Schwarz, 1990, 1995] but
are also actively involved in skin repair after wounding [Werner,
1998]. As yet the control mechanisms of expression and the in-
terplay of these factors still remain largely unknown.

In the simplest coculture system, originally developed just to
expand keratinocytes and composed of growth arrested fibroblasts
and proliferating keratinocytes [Rheinwald and Green, 1975], the
functional role of several cytokines has been studied [Waelti et
al., 1992; Smola et al., 1993]. It has been determined that co-
cultured fibroblasts produce and secrete KGF after stimulation by
IL-1 released by keratinocytes, representing a novel type of
keratinocyte-fibroblast interplay via a double paracrine pathway
[Maas-Szabowski et al., 1996, 1999]. Subsequently, under the
more physiologic conditions of organotypic cocultures using post-
mitotic fibroblasts and a defined culture medium, we have dem-
onstrated that this novel growth control mechanism functions as
well in the more in vivo-like skin equivalent [Fig. 2.7; see also
Maas-Szabowski et al., 2000]. It might thus be of central impor-
tance in vivo in skin regeneration and homeostasis.

The induction of KGF expression in fibroblasts by keratino-
cytes via release of IL-1 was confirmed and its functional signif-
icance documented by application of IL-1-neutralizing antibodies
and an IL-1 receptor antagonist, respectively (Fig. 2.7). Blocking
of IL-1 signaling inhibited KGF release, keratinocyte prolifera-

GM-CSF-R KGF-R

s Lo
' GM-CSF ap
. +KGF

' IL-1-RI
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tion, and tissue formation, an effect comparable to that produced
by KGF-blocking antibodies. On the other hand, IL-1 itself had
no effect on keratinocyte proliferation in monocultures. Moreover,
addition of KGF to cocultures with inactivated IL-1 pathway com-
pletely reversed growth inhibition. Furthermore, in organotypic
cocultures with subthreshold fibroblast numbers, addition of either
IL-1 or KGF restored the impaired epidermal morphogenesis.
Thus the results demonstrate the functional significance of this
novel growth regulatory pathway as a major control mechanism
for keratinocyte proliferation and epidermal tissue formation
[Maas-Szabowski et al., 2000].

However, the characterization of paracrine-acting factors be-
tween fibroblasts and keratinocytes is sometimes difficult in a ho-
mologous skin model system containing human cells in both com-
partments. A heterologous skin equivalent harboring cell types of
different species of origin would have the advantage that the source
of the respective gene products can be more easily and unequiv-
ocally distinguished. Heterologous three-dimensional coculture sys-
tems containing human keratinocytes and nonhuman fibroblasts
have already been used [Kaur and Carter, 1992; Turksen et al.,
1991; Choi and Fuchs, 1994]. In those studies, however, the fibro-
blasts were supposed to act merely as producers of matrix com-
ponents. Recently, an advanced heterologous coculture system was
established exploiting various mouse fibroblast lines derived from
c-jun” or junB” mouse embryos [Szabowski et al., 2000]. This
paved the way to address in more detail the role of fibroblasts in
skin tissue homeostasis and to study in particular the role of c-Jun-
and JunB-regulated genes in fibroblasts acting in trans on prolif-
eration and differentiation of keratinocytes. The c-jun and junB
gene products are members of the immediate-early transcription
factor family AP-1 and are expressed in many organs during de-
velopment and in the adult. Functional proof for this assumption
was provided by loss of function in c-jun and junB knock-out mice,
resulting in embryonic lethality [Hilberg et al., 1993; Schorpp-
Kistner et al., 1999]. However, embryonic fibroblast cell lines have
been established and successfully cocultured with human keratin-
ocytes in organotypic cultures. Whereas wild-type (normal) mouse
fibroblasts as well as human fibroblasts support proliferation and
differentiation of keratinocytes, c-jun™ fibroblasts have lost this
competence. On the contrary, keratinocyte growth and differentia-
tion were enhanced by junB™ fibroblasts. Responsible target genes
of AP-1 in fibroblasts were identified as GM-CSF and KGF, the
latter already known as a paracrine-acting mediator in this system.
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The active regulation of KGF and GM-CSF in fibroblasts via
AP-1 is triggered by IL-1 released by keratinocytes (Fig. 2.7).

KGF has been identified as a typical paracrine-acting growth
factor, produced by mesenchymal cells such as fibroblasts, stim-
ulating epithelial cell proliferation via KGF receptors only ex-
pressed in these target cells [for review see Marchese, 1995; Wer-
ner, 1998]. An IL-1/KGF loop has already been identified in
homologous skin equivalents [Maas-Szabowski et al., 2000] and
discussed in the context of the early wound healing process [Wer-
ner, 1998]. The other factor, GM-CSF, has been associated pri-
marily with the hematopoietic cell system, where it promotes the
proliferation of progenitors in the erythroid, eosinophil, and mega-
karyocyte lineage on one hand and the differentiation of hema-
topoietic progenitor cells toward mature granulocytes and mac-
rophages on the other [Metcalf, 1998]. In skin, GM-CSF has been
shown to stimulate keratinocyte proliferation after in vivo appli-
cation, however, without any mechanistic interpretation [Braun-
stein et al., 1994]. We now have strong evidence from studies in
organotypic cocultures that GM-CSF is involved as a positive
stimulus in the regulation of epidermal proliferation and differ-
entiation.

Moreover, AP-1 seems to be an essential switch in the mech-
anisms regulating the cross talk between keratinocytes and fibro-
blasts in organotypic cocultures and is critically involved in the
double paracrine loop controlling epidermal growth and differ-
entiation. KGF and GM-CSF are the first known AP-1-dependent
genes that are antagonistically regulated by c-Jun and JunB. Ob-
viously, a fine-tuned balance between KGF and GM-CSF is nec-
essary for epithelial regeneration and homeostasis in skin. Inter-
estingly, KGF and GM-CSF alone are not sufficient to support
keratinocyte growth in the absence of fibroblasts, indicating that
further mediators, or at least one more c-jun-independent survival
factor, are involved in these tissue interactions.

These studies clearly indicate that the appropriate in vitro mod-
els reflecting the major cell types and structural characteristics of
the tissue in the organism not only allow reconstitution of the
tissue specific structures but provide useful and biologically rel-
evant model systems to study the molecular mechanisms regulat-
ing cell proliferation and differentiation in a tissue-type context.
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APPENDIX: SOURCES OF MATERIALS

Item Varieties Catalog # | Supplier

Collagen: commercially a) Vitrogen-100 bovine dermal — Collagen Corp.
available preparations collagen (type I), e.g., see
used for gel formation as Madison et al. [1988]; Grinnell
extracellular matrix et al. [1987]
substitutes

b) Type I collagen, calf skin, C-9791 Sigma, IBFB
e.g., see Asselineau and
Pruniéras [1984] Herzhoff
et al. [1999]
c) Type I collagen, rat tail C-7661 Sigma
tendons
d) Type I collagen, e.g., Kopan — Seikagaku Amer-
et al. [1987] ica Inc
e) Type I collagen, bovine cornea — Funakoshi
Pharmaceutial
Company
f) Matrigel EHS solution, basal — Serva
membrane extract from trans-
plantable mouse tumor EHS

Collagenase C-9891 Sigma-Aldrich

Rompun — Bayer Vital

DMEM With stabilized L-glutamine FG 0435 GIBCO-BRL,

Biochrom

DMEM/Ham’s F12 (to With stabilized L-glutamine FG 4815 Biochrom
prepare FAD)

Supplemented keratino- see Stark et al. [1999] CC-3101 Clonetics/Bio
cyte defined medium Whittaker
(SKDM), modified on
the base of keratinocyte
basal medium

Appendix continues
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APPENDIX: SOURCES OF MATERIALS (continued)

Item Varieties Catalog # | Supplier
Membrane filter holders |a) Millicell-HA filter holder in- — Millipore
for support of organo- serts with Millipore mem-
typic cultures (filter branes (pore size: 0.456 m)
well inserts) to be placed in 6-well tissue
cultures plates
b) Transwell, cell culture cham- — Corning
ber insert, with Nucleopore
membranes (pore size: 0.4
pm) designed for use in 6-
well- and 24-well cluster
dishes
¢) Nunc 25-mm tissue culture 137435 Nalge Nunc
inserts
d) Nyaflo membranes — Gelman Sciences
e) Falcon cell culture inserts
1.0-pwm pores #3102 Becton Dickinson
3.0-pm pores #3091 Labware
Biocoat 6-well, deep well plate (which allows a sufficient #5467 Beckton Dickin-
medium volume of 10 ml in air-exposed configuration), see son Labware
also Stark et al. [1999]
Combi Ring dish (CRD): |Teflon ring type b #30907 Renner; Germany
culture chamber consist- (inner)
ing of pairs of concen- | Teflon ring type c’ #30910
tric Teflon rings of dif- (outer)
ferent diameters for
mounting extracellular
matrices between the
tightly fitting Teflon
rings
Stanzen Petri dishes: 35-mm tissue culture Petri dishes with — Fa. Greiner and
4 (8-mm-diameter) rings with a height of 1 mm on the cul- Sohne (also
ture surface of the dish supplied by
Renner KG)
Transplantation chamber: | Type F2U #30268 Renner; Germany
made of silicone with a (exclusive
dome-shaped central part supplier)
and a broad, thin rim,
available in different
sizes
Tissue Tek-O.T.C™-compound 4583 Sakura Finetek

Europe, Zoeter-
woude, The
Netherlands
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I. INTRODUCTION

Most early attempts at keratinocyte culture involved explant or
organ culture in which the keratinocytes were contaminated by
fibroblast growth as well as other nonkeratinocyte epidermal cells
[Fell, 1964; Prose et al., 1967; Flaxman et al., 1967]; later on
there were several attempts to culture disaggregated epidermal
keratinocytes as monolayers [Cruickshank et al., 1960; Briggaman
et al.,, 1967; Yuspa et al., 1970; Karasek and Charlton, 1971;
Fusenig, 1971; Fusenig and Worst, 1974]. These studies showed
that the cultures grew only to a limited extent and could not be
satisfactorily subcultured. Plating similar suspensions on collagen-
coated Petri dishes [Liu and Karasek, 1978] or reducing the pH
of the growth medium [Eisinger et al., 1979] enabled limited sub-
culturing, but it was the discovery by Rheinwald and Green
[1975] that led to successful in vitro studies on keratinocytes.
They demonstrated that a feeder layer of irradiated mouse 3T3
mesenchymal cells permitted the clonal growth of keratinocytes
but not other cell types. This subsequently led to the development
of serum-free culture media in which the keratinocytes could grow
without feeders [Macaig et al., 1981; Boyce and Ham, 1983; Wille
et al., 1984] and permitted the partial purification of one keratino-
cyte growth factor from the hypothalamus [Gilchrest et al., 1984]
and the purification [Rubin et al., 1989] and cloning [Finch et al.,
1989] of another from a human fibroblast cell line.
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The 3T3 feeder technique has been widely used to study kera-
tinocyte biology, and it is this technique that is described in detail
in this chapter. The historical development of the technique and
the characterization of human epidermal cultures were reviewed
by Rheinwald [1980]; that article is strongly recommended as
complementary reading material to this chapter. Other widely used
keratinocyte culture methods are also mentioned here and the rel-
ative merits of the different techniques are discussed (see also
Chapter 2).

2. PREPARATION OF REAGENTS AND MEDIA
2.1. Media

2.1.1. Growth Medium

DMEM 3 parts
Ham’s F12 1 part
HEPES 20 mM
Fetal bovine serum (selected batch) 10% v/v
Penicillin (if required) 100 U/ml
Streptomycin (if required) 100 pg/ml

Add NaHCOs;, 26 mM, to give pH 7.4 at 37°C under 5% CO,.
If used under 10% CO,, 44 mM NaHCO; will be required and
the HEPES is omitted.

2.1.2. Complete Growth Medium

Add the following supplements to growth medium from Section
2.1.1 to make complete growth medium:

Transferrin 5 ug/ml 6.4 X 107°M

Insulin 5 pg/ml 87 X107’ M

Triiodothyronine 1.4 ng/ml 2 X 107°M
[Allen-Hoffman and Rheinwald, 1984]

Cholera toxin 8.4 ng/ml 1 X 107"°M
[Green, 1978]

Adenine hydrochloride 31 mg/ml 1.8 X 107*

Hydrocortisone, hemisuccinate 0.4 pg/ml 83 X 107’ M
[Rheinwald and Green, 1975]

Add to complete growth medium, 3—4 days after seeding:

Epidermal growth factor 10 ng/ml ~2 X 107°M
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2.2. Preparation of Medium Supplements

2.2.1.
@
(ii)
(iii)

(iv)
(v)

(vi)
2.2.2.
(1)

(ii)

(iii)
(iv)

(v)
2.2.3.
1
(i1)
(111)
(iv)

2.24.

Cholera toxin (CT)

To make a master stock add 1.18 ml of sterile UPW to 1
mg of powder to give ~1 X 107> M solution (mol wt
84,000).

Store at 4°C.

To prepare a 1 X 10" M (1,000X) working stock add 100
wl of 1 X 107 M CT to 10 ml of growth medium.

Filter sterilize and store at —20°C.

Dilute 0.5 ml working stock to 500 ml in complete growth
medium for use at a final concentration of 1 X 107" M.
Use immediately or store at —20°C.

Hydrocortisone hemisuccinate (sodium salt)

Dissolve at 4 mg/ml in 95% ethanol.

Dilute 1:10 (v/v) in growth medium to make 8.3 X 10~*
M, a 1,000X stock.

Store at —20°C.

Dilute stock 1:1000 (v/v) in complete growth medium to
make 8.3 X 107" M.

Use immediately or store at —20°C.

Epidermal growth factor

Dissolve in UPW at 100 wg/ml to make 1,000X stock.
Store at —20°C.

Dilute stock 1:1000 to give 10 ng/ml, 2 X 10° M, in com-
plete growth medium.

Use immediately or store at —20°C.

Transferrin (Bovine) and Triiodothyronine,

Sodium Salt

@
(i1)

(111)
(iv)
(v)

Dissolve transferrin 5 mg/ml (6.4 X 107> M) in PBSA.
Dissolve triiodothyronine 1.3 mg/ml (2 X 10~* M) in PBSA
and dilute 1:1000 into transferrin solution to give 2 X
107° M.

This makes a 1000X combined stock.
Sterilize by filtration at 0.22 um.
Store at —20°C.
Dilute 1:1000 (v/v) for use in complete growth medium.
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2.2.6. Insulin

(1) Dissolve at 5 mg/ml in 0.05 M HCI in UPW.
(i) Dilute 1:10 in PBSA to make stock.
(iii) Filter sterilize, 0.22-wm, low-protein-binding filter.
(iv) Store at —20°C.
(v) Dilute stock 1:100 in complete growth medium for use at
5 pg/ml, 8.7 X 107" M.

2.3. Trypsin/EDTA

(i) Trypsin, 0.5%, in UPW.
(ii) Sterilize by filtration, 0.22-um filter
(iii) Store at —20°C.
(iv) For use, mix 1:1 with 2X PBSA and then 1:1 with EDTA,
0.7 mM (0.02%), in PBSA to give 0.125% trypsin in 0.35
mM (0.01%) EDTA.
(v) Store at 4°C.

3. CULTIVATION OF NORMAL HUMAN EPIDERMAL
KERATINOCYTES

3.1. Sample Collection and Storage

To collect samples of human skin we normally contact plastic
surgeons, who perform ‘“‘bat ear’ correction operations that result
in two thin strips of flat skin from behind the ear. Alternatively,
we contact surgeons who perform circumcisions. Material from
both these sources is sterile and disease-free, and the donors are
usually in the range of 0—10 years of age. Plastic universals each
containing 10—15 ml of Dulbecco’s modification of Eagle’s me-
dium (DMEM) supplemented with 10% v/v bovine serum, 100
U/ml penicillin, and 100 pg/ml streptomycin are regularly sup-
plied to the operating theater senior nurse or assistant surgeon,
who telephone when the tissue is ready. The tissue is very robust
and can be mailed from the theater to the laboratory if no suitable
operating list can be found locally. Reasonable cultures have been
obtained from samples that have been stored in serum-containing
medium for up to 1 wk at 4°C.

A Safety note. Human samples should be regarded as potentially
infected with human pathogens. They should be handled in the
laboratory in a Class II microbiological safety cabinet, and all
materials used with them should be discarded into disinfectant
and/or autoclaved or incinerated.
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3.2. Cell Dispersal Techniques

After dissection, samples of skin can be disaggregated by short
incubation in warm trypsin or by prolonged incubation in cold
trypsin.

Protocol 3.1. Disaggregation of Skin by Warm Trypsin

Reagents and Materials

Sterile

(I O N I I W

PBSA: Ca*"- and Mg**-free phosphate-buffered saline
Trypsin, 0.25%, in PBSA

Growth medium: DMEM with 10% FBS, 100 U/ml penicillin,
and 100 ug/ml streptomycin

Trypsinization flask

Stirring bar (magnetic follower)

Scalpels, #1 1

Scissors, fine, curved

Culture flasks, 25 cm? or 75 cm?

Nonsterile

U Magnetic stirrer

Protocol

@)
(b)

(c)
(d)
(e)

(f)
(8

(h)
()
0

Rinse the sample several times with PBSA to remove any
blood and serum.

Place the tissue in a 9-cm dish and remove most of the
subcutaneous fat and membranous material with either a
scalpel blade or a sharp pair of curved scissors. The skin
from behind the ear normally needs very little trimming.
Wash the skin once more with PBSA.

Chop the sample into fine pieces approximately 1-2 mm’.
Add to a flask containing a sterile stirring bar and 0.25%
trypsin in PBSA, approximately | ml of trypsin per mg tissue.
Stir the tissue at 100 rpm at 37°C for 30—45 min.

Collect the trypsinate and centrifuge to obtain the released
cells.

Resuspend the cells in growth medium and store at 4°C.
Add fresh trypsin solution to the flask and repeat (f)—(h).
Repeat this cycle several times for 4—5 h or until the tissue
is completely digested [Rheinwald, 1980].
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(k) Pool the cell fractions, and count the cells.
() Seed into flasks at 2 X 10 cells/cm? | X 10°/ml in growth
medium.
(m) Incubate at 37°C under 5% CO.,.

Minor variations on this technique include the addition of EDTA
to the trypsin solution [Peehl and Ham, 1980a] at 0.3—1 mM. In
our experience, the 37°C trypsinization procedure is very time
consuming and does not give reproducibly high cloning efficien-
cies [Rheinwald and Green, 1975].

Protocol 3.2. Disaggregation of Skin by Cold Trypsin

Reagents and Materials

Sterile

O PBSA: Ca’"- and Mg**-free phosphate-buffered saline

QO  Trypsin, 0.125%, in PBSA, freshly prepared and kept at 4°C
[Parkinson et al., 1986]

U Growth medium: DMEM with 10% FBS, 100 U/ml penicillin,
and 100 ug/ml streptomycin

U Scalpels, #1 1

Q Scissors, fine, curved

Q Culture flasks, 25 cm? or 75 cm?

Nonsterile

O Ice bath

Protocol

(a) Rinse the sample several times with PBSA to remove any
blood and serum.

(b) Place the tissue in a 9-cm dish and remove most of the
subcutaneous fat and membranous material with either a
scalpel blade or a sharp pair of curved scissors.

(c) Wash the skin once more with PBSA.

(d) Slice the skin into 0.5-cm-wide strips.

(e) Immerse each strip in a total of 50 ml of 0.125% trypsin at
4°C.

(f) Place at 4°C overnight (~16 h).

(g) Remove the trypsin and add 10 ml of growth medium at
37°C.
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(h) Scrape the epidermis from the dermis with a scalpel.

(i) Gently triturate the skin with a wide-bore pipette to release
the epidermal cells, allowing the undisaggregated dermis to
settle to the bottom of the container.

(i) Pool the epidermal cells, and centrifuge at 80 g for 5 min.

(k) Resuspend in growth medium, and count the cells.

() Seed into flasks at 2 X 10* cells/cm? | X 10°/ml in growth
medium.

(m) Incubate at 37°C under 5% CO.,.

This technique is non-labor-intensive and results in keratinocyte
suspensions consisting of at least 85% single cells without further
processing. The cloning efficiency of around 4% is highly repro-
ducible if donors of less than 10 years of age are used. Older
donors may give lower cloning efficiencies than this [Rheinwald
and Green, 1975].

3.3. Selective Growth Conditions and Preparation of
3T3 Feeder Layers

The cell suspensions generated by the cold trypsin method de-
scribed above contain predominantly keratinocytes but also a few
dermal fibroblasts as well as melanocytes, Langerhans cells, and
Merkel cells. The fibroblasts represent the most serious source of
contamination of the epidermal cultures, because Merkel cells and
Langerhans cells do not survive in culture and melanocytes do
not proliferate unless special culture conditions are used [Halaban
et al., 1987, 1988; Naeyaert et al., 1991; Park et al., 2000].

Rheinwald and Green [1975] discovered that if epidermal sus-
pensions are plated together with a fairly dense (one-third conflu-
ent) lethally irradiated feeder layer of mouse 3T3 mesenchymal
cells, the keratinocytes form macroscopic colonies from single
cells whereas the proliferation of any fibroblasts is suppressed.
Swiss 3T3 (American Type Culture Collection No. CCL92) or
Balb 3T3 A31 mouse mesenchyme cells have been shown to sup-
port the growth of human epidermal keratinocytes in our labora-
tory (see also Chapter 5, Protocol 5.4). The 3T3 cells are normally
cultured in DMEM supplemented with 10% v/v bovine serum (a
selected lot) in an atmosphere of 10% CO,-90% air. If 5% CO,-
95% air is to be used, the sodium bicarbonate concentration of
the medium should be reduced to 26 mM, about 60% of the rec-
ommended concentration for DMEM, to give optimum growth.
When preparing for the first time, check an aliquot by incubating
in an open dish for 2 h in the appropriate gas mixture.
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The 3T3 cells are subcultured by exposing the cultures to a
small amount (~20 wl/cm®) of 0.1% trypsin for 3—4 min and
dispersing the cells in growth medium (~200 ul/cm?). The cells
are centrifuged, resuspended, counted, and seeded at a density of
1 X 10* cells per 9-cm plate to give confluence after 2 wk. The
medium is changed on Day 11, when the cells are becoming dense
(for routine subculture, however, 3T3 should be subcultured when
subconfluent to avoid spontaneous transformation). We set up two
lots of cultures on alternate weeks to ensure a supply of feeder
cells every week. Each week the confluent dishes are subcultured
and the excess cells are irradiated in suspension with 60 Gy of
v-irradiation from either a “®Co or a *’Cs source (see Chapter 5,
Protocol 5.4). The cells are then either used immediately or stored
for up to 48 h at 4°C without any appreciable loss of feeding
capacity. If desired, the feeder cells can be plated in advance of
the keratinocytes, as they are at their optimum 48 h after seeding
[Rheinwald, 1980], but normally for convenience we plate the
lethally irradiated 3T3 feeder layer and the keratinocytes together.

Although 3T3 cells must not be allowed to reach confluence
during serial propagation, it is important that they be allowed to
reach confluence before being prepared for feeder layers and that
they be routinely checked for mycoplasma contamination, because
mycoplasma-contaminated feeders do not support the proliferation
of keratinocytes. It is also important to freeze down stocks of 3T3
cells as soon as possible after receipt so that fresh cultures can
be started every 10—12 wk, when the original 3T3 cells have
increased their saturation density because of continuous selection
for fast-growing variants. These variants do not survive as long
after irradiation and they are inferior as feeders. The use of high-
quality trypsin (see Appendix: Sources of Materials) and a se-
lected batch of bovine serum (sometimes called donor calf serum)
and application of the subcultivation protocol described above
will minimize such problems. Do not use fetal bovine serum or
newborn calf serum to grow the 3T3 cells.

Protocol 3.3. Culture of Keratinocytes on
3T3 Feeder Layers
Reagents and Materials

U Keratinocyte suspension from Protocol 3.2
U  Preformed 3T3 feeder layer or growth-arrested feeder cells
(see above and Protocol 5.4)
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Q0 Growth medium: supplemented DMEM:FI2 (see Section
2.1.2)

U Epidermal growth factor, EGF, | ug/ml in DMEM with 10%
bovine serum (see Section 2.2.3)

Protocol

(@) Seed the keratinocytes at 2 X 10* cells/cm? | X 10°/ml in
growth medium, minus EGF, onto a preformed feeder layer,
or seed with the appropriate number of 3T3 cells to give |
X 10° cells/cm?.

(b) Change medium at 3—4 days after seeding.

(c) Add EGF to a final concentration of 10 ng/ml (~2 X 107°
M) at this first medium change, as addition at the time of
seeding reduces plating efficiency [Rheinwald and Green,
1977].

In this growth medium the keratinocytes grow from single cells
into macroscopic colonies containing several thousand cells that
can be used for experiments or subcultured for at least 80 popu-
lation doublings in the case of adults (unpublished data) and more
than 140 population doublings in the case of newborn donors
[Rheinwald and Green, 1977].

Hydrocortisone is essential to maintain growth rate, colony
morphology, and differentiation when the keratinocytes are sub-
cultured [Rheinwald and Green, 1975] and may also prevent de-
terioration of the 3T3 feeder layer [Pera and Gorman, 1984].
Cholera toxin, by raising cAMP levels, seems to oppose the ten-
dency of keratinocytes to increase in cell size [Green, 1978] and
may therefore oppose the onset of terminal differentiation [Sun
and Green, 1976; Barrandon and Green, 1985]. EGF is much
more potent in cultures derived from newborn donors [Rheinwald
and Green, 1977; Sun and Green, 1977; Green, 1980] and appears
to antagonize the effects of crowding in the centers of the kera-
tinocyte colonies [Rheinwald and Green, 1977] by stimulating
migration of the growing keratinocytes out of the center of the
colonies [Barrandon and Green, 1987]. EGF appears to antagonize
terminal differentiation and increase the size of the dividing and
clonogenic populations by a mechanism that is distinct from that
of cholera toxin [Rheinwald and Green, 1977; Green, 1978], and
the effects of the two agents together exceed that of each alone
[Green, 1978].

Together hydrocortisone, cholera toxin, and EGF combine to
increase the clonogenic fraction, the population growth rate, and
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the culture lifespan [Rheinwald, 1980; Green, 1980], so that large
numbers of cultured human keratinocytes can be obtained rapidly
from even a small skin biopsy [Green et al., 1979; Allen-Hoffman
and Rheinwald, 1984]. Insulin, transferrin, and triiodothyronine
reduce the requirement for serum from 20% to 10% and, with
poor or mediocre serum lots, also improve growth rate.

3.4. Subculture

The keratinocyte colonies can be subcultured by first removing
the feeder layer and any contaminating cell types.

Protocol 3.4. Removing Fibroblasts from Primary
Keratinocyte Cultures

Reagents and Materials

Sterile or Aseptically Prepared

U 3T3 cells, lethally irradiated, 1/30th of confluent density, i.e.,
~3 X 10’ cells/cm?

Q EDTA, 0.7 mM, (0.02%), in PBSA

QO PBSA

Protocol

(a) Treat the culture with 0.02% (0.7 mM) EDTA for 15—-30 s.

(b) Vigorously pipette streams of PBSA against the growth sur-
face to detach the 3T3 cells and fibroblasts [Rheinwald and
Green, 1975].

(c) Assess the contamination by dermal fibroblasts of the sub-
cultured suspensions (if necessary) by replating a sample of
the suspension onto a new, lethally irradiated, low-density
3T3 feeder layer.

Fibroblastic contamination was found to be less than 0.1% when
the cold trypsin method was used (unpublished data) and less than
1% when the 37°C trypsin method was used [Parkinson and New-
bold, 1980]. This level of contamination decreased with each pas-
sage of the keratinocytes. The contamination of the suspension by
lethally irradiated mouse 3T3 cells can be assessed by the differ-
ent fluorescent staining pattern of the nucleus after staining with
Hoechst 33258 [Alitalo et al., 1982] or by reaction with the mono-
clonal antibody LP4N (see Fig. 3.2f), which reveals only human
nuclei after indirect immunocytochemical staining [Boukamp
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et al., 1985]. The contamination is in the range 0.01-0.1% [Alitalo
et al., 1982; E.K. Parkinson, unpublished data].

After removal of the 3T3 feeder layer, the keratinocyte colonies
can be subcultured.

Protocol 3.5. Subculture of Keratinocytes on Feeder Layer

Reagents and Materials

U Complete growth medium minus EGF (see Section 2.1.2)
U Trypsin EDTA: trypsin, 0.1%, mixed I:1 with EDTA, 0.02% (5.4
mM), to give 0.05% trypsin in 0.3 mM EDTA

Protocol

(@) Incubate with trypsin EDTA at 37°C.

(b) Disaggregate the colonies into single cells after about 40 min
of incubation [Rheinwald and Green, 1975; Rheinwald, 1980];
the exact length of time will depend on the extent of con-
fluence of the cultures.

(c) Count the cells in a hemocytometer.

(d) Dilute in any growth medium containing serum and replate
in complete growth medium minus EGF at 2 X 10* cells/
cm? | X 10°/ml onto fresh lethally irradiated 3T3 feeder
cells (see Protocol 3.3, above).

(e) Alternatively, cryopreserve in liquid nitrogen (see Protocol
3.6, below).

3.5. Cryopreservation

Keratinocyte suspensions can be frozen and stored in liquid
nitrogen after subculture, using standard procedures.

Protocol 3.6. Cryopreservation of Keratinocytes

Reagents and Materials

Sterile

4 Trypsin/EDTA: 0.05% trypsin in 0.3 mM EDTA

U Growth medium (see Section 2.1.1)

U Complete growth medium minus EGF (see Section 2.1.2)

U Freezing medium: complete growth medium containing 10%

vlv glycerol [Rheinwald, 1980] or 10% v/v dimethyl sulfoxide
as a cryopreservative
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U Cryotubes, 1.2 ml, labeled and dated

Nonsterile

U Insulated storage box (sandwich box lined with cotton wool)

Protocol
Freezing

(@) Harvest keratinocyte monolayer by trypsin/EDTA (see Pro-
tocol 3.5).

(b) Centrifuge at 1000 rpm, (80—100 g).

(c) Resuspend in fresh growth medium, and centrifuge again.

(d) Resuspend in freezing medium at a concentration of | X 10°
cells/ml [Rheinwald, 1980].

(e) Add | ml of the cell suspension to cryotubes.

(f) Keep the tubes on ice, then wrap in cotton wool, and place
in the plastic sandwich box.

(g) Place the box in a —20°C freezer for 30 min.

(h) Transfer to a —70°C freezer overnight.

(i) Transfer the cryotubes to permanent storage in the liquid
nitrogen storage facility.

ASafety note. Wear cryoprotective gloves, a face mask, and a
closed lab coat when working with liquid nitrogen. Make sure the
room is well ventilated to avoid asphyxiation from evaporated
nitrogen.

Freezing rate. The cotton wool insulation ensures gradual cool-
ing of the cryotubes and results in good viability of the cells on
thawing. Alternatively, the cryotubes can be placed in an adjust-
able liquid nitrogen tank head. The tubes can then be gradually
lowered toward the nitrogen surface at a suitable rate to achieve
slow freezing, but we find the first method to be satisfactory.

Thawing

() Thaw the keratinocyte suspensions by placing the cryotubes
in water at 37°C, preferably in a bucket with a lid to contain
any potential explosion of the ampoule.

ASafety note. An ampoule that has been stored in liquid nitro-
gen can inspire liquid nitrogen if not properly sealed. The am-
poule will then explode violently when warmed. To protect from
potential explosion of ampoules, thaw in a covered container, such
as a large plastic bucket with a lid, or store in the vapor phase.
Wear gloves, a face mask, and a closed lab coat.
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(b) Check the label on the cryovial to confirm identity, then
flood the outside of the cryotube with 70% ethanol and blot
dry with tissue.

(c) After the tubes are dry, withdraw the cells from the ampoule
and dilute quickly in prewarmed (37°C) complete growth
medium.

(d) Centrifuge for 2 min at 80—100 g.

(e) Resuspend in fresh growth medium minus EGF

(f) Dilute the cell suspension, mix with irradiated 3T3 feeders,
and seed at 2 X 10* keratinocytes and 2 X 10* 3T3 cells/
cm?, | X 10° keratinocytes and | X 10° 3T3 cells/ml.

(g8) The recovery of the cells is in the range of 30— 100% [Rhein-
wald, 1980]. If a high recovery is obtained routinely, the seed-
ing concentration may be reduced.

(h) Add EGF | ug/ml, at first feed.

3.6. Adaptation to Keratinocytes from Other Species
and Sites

The methods described here have been used to grow epidermal
keratinocytes from many species, including rabbits [Sun and
Green, 1977], rats [Phillips and Rice, 1983], bovines [Kubilus et
al., 1979], and Syrian hamsters [Newbold and Overell, personal
communication]. The technique can readily be adapted to grow
keratinocytes from various strains of mice, provided that the tem-
perature of the incubator is reduced to 31°C and the concentration
of hydrocortisone is increased to 1 ug/ml (2.8 uM) [Pera and
Gorman, 1984; Parkinson et al., 1986, 1987; Appleby et al., 1989].
The in vitro lifespan of keratinocytes from other species, however,
may be considerably shorter than that obtained with humans.
Adult mouse epidermal keratinocytes can barely complete 15-20
population doublings in culture, whereas the cultures from adult
humans last much longer [Green et al., 1979; unpublished data].
As with humans, newborn mouse keratinocytes have a longer in
vitro lifespan (around 50 population doublings) than their adult
counterparts [Pera and Gorman, 1984].

The 3T3 support system can also be used to culture epithelial
cells from other sites, including oral cavity [Taichman et al.,
1979], cervix [Stanley and Parkinson, 1979; see also Chapter 5],
nasopharynx and trachea [Green, 1978], cornea and conjunctiva
[Sun and Green, 1977], bladder (Wu et al., 1982], esophagus
[Doran et al., 1980], colon [Paraskeva et al., 1984], and mammary
gland [Taylor-Papadimitriou et al., 1977].
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Many techniques have been described for keratinocyte culture,
including explant culture [Fell, 1964; Prose et al., 1967; Flaxman
et al., 1967] and high-density plating on collagen [Liu and Kar-
asek, 1978], in low-pH medium [Eisinger et al., 1979], or in low-
calcium (<0.1 mM) medium [Hennings et al., 1980]. Clonal
growth has been described in medium 199 with 20% fetal bovine
serum, 10 wg/ml hydrocortisone, and bovine pituitary extract
[Peehl and Ham, 1980a] and also in medium 199 supplemented
with 10 ng/ml EGF, 10 wg/ml transferrin, 1.4 X 10~° M hydro-
cortisone, 2 mg/ ml bovine serum albumin, and an extract from
bovine hypothalamus, if the cells are plated onto dishes coated
with fibronectin [Macaig et al., 1981; Gilchrest et al., 1984].

A complete chemical redefinition of the growth medium Ham’s
F12, including lowering the calcium concentrations [Peehl and
Ham, 1980b; Tsau et al., 1982; Boyce and Ham, 1983], led to the
development of the medium MCDB 153 [Wille et al., 1984],
which, when supplemented with bovine pituitary extract, insulin,
hydrocortisone, EGF, ethanolamine, and phosphoethanolamine,
can give remarkably high cloning efficiencies of up to 56% [Wille
et al., 1984]. This medium can now be obtained in a stabilized
and easily usable form known as keratinocyte basal medium from
Clonetics Corporation (BioWhittaker) and is supplied with sup-
plements and full instructions for use (see also Chapter 7). In our
hands, the Clonetics medium remains the most reliable source of
MCDB 153 for the growth of mass cultures of keratinocytes.
However, the commercial medium, although convenient to use,
does not support proliferation at the very low densities supported
by MCDB 153 [Wille et al., 1984] and is therefore unsuitable for
isolating clones.

3.7. Relative Merits and Physiological Relevance of More
Successful Techniques

The most widely used keratinocyte culture techniques are the
low-calcium minimal essential medium technique supplemented
with calcium-depleted fetal bovine serum for high-density mouse
cultures [Hennings et al., 1980], the 3T3 feeder layer support
system of Rheinwald and Green [Rheinwald and Green, 1975;
Rheinwald, 1980; Green, 1980] for the clonal growth of keratin-
ocytes from many species and sites, and low-calcium (0.15 mM)
serum-free MCDB 153 medium [Boyce and Ham, 1983; Willie
et al., 1984], which supports the clonal growth of human epider-
mal keratinocytes. The relative merits of these three systems are
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listed in Table 3.1.; the possible problems and solutions for them
are listed in Table 3.2.

The 3T3 support system described in this chapter, while having
the disadvantage of using undefined growth factors from serum
and another cell type (the 3T3 cell), is the only clonal system in
which proliferation is largely limited to the true basal cells [Rhein-
wald and Green, 1975; Barrandon and Green, 1985], and terminal
differentiation proceeds to completion as the keratinocytes stratify.
MCDB 153 can support the clonal proliferation of very mature
suprabasal cells as efficiently as, if not more efficiently than, the
true basal proliferating cells [Wilke et al., 1988], and also the
culture lifespan in this medium is short, particularly in the case
of adults (30 population doublings) [Wille et al., 1984]. MCDB
153 from commercial sources does not support proliferation at
cell densities of <500 cells/cm’.

3.8. Applications of Normal Keratinocyte Cultures

The most widespread early use for normal human keratinocyte
cultures has been in the treatment of burns and skin ulcers with
sheets of human epidermal cells cultured using 3T3 feeders
[Clancy et al., 1988, Compton et al., 1989] and MCDB 153 [Pit-
telkow and Scott 1986]. The system has also been used to address
dermatological questions such as contact dermatitis [Sainte-Marie
et al., 1998] and inflammatory conditions [Cowan et al., 1998]
including psoriasis. Keratinocyte culture has proved to be ex-
tremely valuable in the study of epithelial differentiation (see Sec-
tion 6 and Chapter 2).

3.9. Generation of Immortal Human Keratinocyte Lines
from Cultures of Normal Cells

Early attempts to generate cell lines from human keratinocyte
cultures utilized DNA tumor viruses such as SV40 [Steinberg and
Defendi 1979] or adenovirus 5 E1A [Barrandon et al., 1989], and
cell lines were readily generated without any obvious sign of the
crisis seen in fibroblast cultures. However, these cultures invari-
ably have abnormal karyotypes and are therefore imperfect mod-
els of normal keratinocyte behavior, as is the established cell line
HaCaT for the same reason [Boukamp et al., 1988] and keratin-
ocyte lines immortalized by Id1 [Alani et al., 1999]. More recent
attempts at immortalizing human keratinocytes have exploited the
observation that the ectopic expression of telomerase, which
maintains the telomeres at the ends of mammalian chromosomes,

Parkinson and Yeudall



TABLE 3.1. Comparison of Various Keratinocyte Culture Methods

Method

Advantages

Disadvantages

Explant culture

High-density culture

Low-Ca’”, (<0.1 mM)
medium

Low-Ca®~ (0.15 mM)
serum-free medium

3T3 feeder layer

Relatively easy
Maintains cell-cell interactions

Relatively easy

Cultures long-lived

Cells have basal morphology

Differentiation can be
manipulated

Cultures are homotypic

Low contamination with other
cell types

Can be grafted onto syngeneic
animals

Cultures long-lived

Subcultures possible

Clonal

Cells have basal morphology

Differentiation can be
manipulated

Cultures are homotypic

Low contamination with other
cell types

Serum-free

Can be grafted onto humans or
experimental animals

Cultures long-lived

Subculture possible

Clonal

Large expansion of cell numbers
possible

Proliferating and differentiating
cell types both present

Proliferation largely confined to
the basal layer

Low contamination with other
proliferating cell types

Applicable to many species

Applicable to many epithelia

Applicable to tumors

Can be grafted onto humans or
experimental animals

Requires continuous supply of
samples

Culture life short

Contamination with other cell
types

Rapid build-up of barriers to dif-
fusible molecules

Not clonal

Subculture difficult

As above

Not clonal
Subculture difficult

Designed for human keratino-
cytes; modifications required
for other species

Inappropriate proliferation of dif-
ferentiating cells

Expansion of numbers small

Not homotypic

Risk of contamination of human
cells with mouse retroviruses
or mouse genetic material
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can extend the lifespan of a number of cell types and lead to
immortalization [Bodnar et al., 1998]. When this idea is applied
to human keratinocytes cultured either using 3T3 feeders [Dick-
son et al., 2000] or with MCDB153 [Kiyono et al., 1998] telom-
erase does block senescence, but the cells only become immortal
following the epigenetic silencing of the p16™*** tumor suppres-
sor gene. Nevertheless, these cells are often diploid and exhibit
minimal alterations in their differentiation program [Farwell et al.,
1999, Dickson et al., 2000], suggesting that these cultures will
provide much better cell line models than previously produced.
Similarly, the immortalization of human keratinocytes grown on
3T3 feeders has also been achieved by the retroviral delivery of
14-3-30 antisense, and this too results in cell lines with a diploid
karyotype [Dellambra et al., 2000]. In this study, however, the
cells were blocked at an early stage of keratinocyte differentiation.

4. SELECTIVE CONDITIONS FOR PREFERENTIAL
CULTIVATION OF KERATINOCYTE TUMOR CELLS

4.1. Reduced Dependence on Serum Growth Factors

The cells derived from human [Rheinwald and Beckett, 1981]
and mouse [Pera and Gorman, 1984] squamous cell carcinomas
all require far less fetal bovine serum (<5% v/v) for optimal
growth than their normal counterparts. To select for the growth

TABLE 3.2. Troubleshooting Chart

Problem Possible Cause Remedy

No colonies Mycoplasma Check for mycoplasma. If
positive discard and recover
a new ampoule of 3T3

Feeder layer too sparse Recover a new ampoule of 3T3
Feeder layer unhealthy Recover a new ampoule of 3T3
Batch of fetal bovine Rescreen fetal bovine serum
serum inappropriate
pH too high Check gassing and medium pH
Colonies not Feeder layer too dense Plate fewer feeders
well spread  Hydrocortisone ineffective Prepare fresh hydrocortisone
and growing Mycoplasma Check cells for mycoplasma
slowly
Poor cloning Cultures too dense Subculture before cells become
efficiency confluent

on transfer
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of transformed keratinocytes on a 3T3 feeder layer we have used
DMEM supplemented with 2% v/v fetal bovine serum and 0.4
mg/ml hydrocortisone. This medium prevents the growth of nor-
mal fibroblasts and of normal keratinocytes, both of which con-
taminate a tumor cell suspension. Epidermal growth factor
[Rheinwald and Green, 1977] and cholera toxin [Green, 1978],
which are potent mitogens for normal keratinocytes, can actually
be inhibitory to squamous cell carcinoma cells [E.K. Parkinson,
unpublished data; Gill and Lazar, 1981]. The morphologic ap-
pearance of a lingual tumor line developed by A. Yeudall in our
laboratory (Fig. 3.1b) can be compared with that of normal human
keratinocytes growing in fully supplemented growth medium (Fig.
3.1a). The tumor cells in this instance are flatter than normal and
appear less stratified. However, morphologic criteria are not suf-
ficient to determine whether keratinocytes are transformed, be-
cause a wide variety of squamous cell carcinoma morphologies
have been noted [Rheinwald and Beckett, 1981].

4.2. Enhanced Resistance to Terminal Differentiation
Stimuli and to Inhibitory Factors

When normal keratinocytes are placed in methocel-stabilized
suspension cultures, they lose their capability to form colonies
(their colony-forming half-life is 3 h) [Rheinwald and Green,
1977; Rheinwald, 1979], and most go on to terminally differen-
tiate [Green, 1977]. Keratinocytes from tumors do not generally
display anchorage-independent growth [Rheinwald and Beckett,
1981], but they do appear to terminally differentiate more slowly
in this system than normal keratinocytes [Rheinwald and Beckett,
1980]. The tumor cells are also resistant to other terminal differ-
entiation signals such as 1.2 mM calcium [Kulesz-Martin et al.,
1980] under certain conditions and also to phorbol esters [Parkin-
son et al., 1983]. In addition, some keratinocyte cell lines derived
from tumors are resistant to the effects of the growth inhibitors
interferon o/ (Yaar et al., 1985] and transforming growth factor
B [Shipley et al., 1986]. These properties might also be used to
help the selection of squamous carcinoma cells in vitro.

4.3. Acquisition of Indefinite In Vitro Lifespan by
Squamous Carcinoma Keratinocytes

A significant proportion of tumors from epidermis and tongue
form established cell lines when placed in culture by the 3T3
feeder technique [Rheinwald and Beckett, 1981], and the acqui-
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sition of an indefinite in vitro lifespan is potentially a selectable
as well as a diagnostic feature of transformed keratinocytes, par-
ticularly if the culture conditions are manipulated to give a short
normal keratinocyte in vitro lifespan.

4.4. Tumor Formation in Nude Mice

In all cases, confirmation that the cultures are indeed epidermal
tumor cells can be achieved by subcutaneous injection into nude
mice [Rheinwald and Beckett, 1981] or by seeding the cells onto
experimentally induced granulation tissue beds in nude mice
[Boukamp et al., 1985]. Squamous cell carcinoma cells have been
reported to form invading tumors in both cases. Basal cell carci-
nomas can also be cultured by methods very similar to those used
for normal keratinocytes [Hernandez et al., 1985] and have also
been reported to grow in nude mice when subcutaneously injected
[Grimwood et al., 1985].

Fig 3.1. Phase-contrast
micrographs of a forma-
lin-fixed cells. a. Normal
human keratinocyte col-
ony after 10 days growth
in complete growth me-
dium (see text). b. Squa-
mous cell carcinoma col-
ony after 14 days growth
in Dulbecco’s medium
containing 10% fetal bo-
vine serum and 0.4 ug/
ml hydrocortisone. Bar =
200 pm.
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5. EPITHELIAL AND KERATINOCYTE MARKERS

Most epithelial cells have an intermediate filament cytoskeleton
composed of keratin polypeptides [Sun et al., 1979; Franke et al.,
1979] and/or possess desmosomal intercellular contacts [Cowin
and Garrod, 1983]. Many monoclonal antibodies are now avail-
able, and some of them react specifically with stratified epithelial
cells, that is, with true keratinocytes [Lane, 1982; Woodcock-
Mitchell et al., 1982] (Fig. 3.2a,b). Polyclonal antisera raised
against keratin extracts will react with all types of epithelial cells,
as will polyclonal antisera raised against the desmoplakin (Fig.
3.2c) [Franke et al., 1981, 1982] and the desmocollin (Fig. 3.2d)
[Cowin et al., 1984] proteins of the desmosome.

Polyclonal antisera against the envelope precursor protein in-
volucrin [Rice and Green, 1979; Watt and Green, 1981] will react
only with true keratinocytes in vivo, at least in primates and hu-
mans [Rice and Thacher, 1986], but in vitro (Fig. 3.2e) involucrin
is eventually expressed in other epithelial cells, which undergo a
process similar to metaplasia with longer-term in vitro cultivation
[M. Stanley, personal communication].

6. INDUCTION OF COMPLETE DIFFERENTIATION

Like most cell types, in vitro keratinocytes proliferate very fast
and are most likely to be in a state of regeneration rather than
steady state. The cultured cells express many of the markers as-
sociated with the keratinocyte lineage such as keratin polypeptides
[Sun and Green, 1978], desmosomal proteins [Franke et al., 1981,
1982; Cowin and Garrod, 1983; Cowin et al., 1984; Watt et al.,
1984], and involucrin [Rice and Green, 1979; Watt and Green,
1981]. However, the spatial distribution of involucrin [Watt, 1983]
and the expression of certain keratins [Kopan et al., 1987] is
changed in vitro, and other markers such as keratohyaline gran-
ules, membrane-coated vesicles [Fuchs and Green, 1981], and cer-
tain keratins [Sun and Green, 1978] are not seen at all. Addition-
ally, no proper stratum corneum is formed (Fig. 3.3a) and the
cultures shed nucleated squames [Green, 1977], which is a phe-
nomenon normally restricted to wet-surfaced squamous epithelia
[Frost, 1979] and to certain pathological epidermal conditions
such as psoriasis [Mescon and Grots, 1974]. A proper stratum
corneum that is similar to the in vivo epithelium (Fig. 3.3b) and
stratum granulosum, with the associated keratins, keratohyaline
granules, and membrane-coated vesicles, can be restored in hu-
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Fig 3.2. Immunostaining of cultured keratinocytes. a. A 10-day old normal human epidermal keratin-
ocyte colony fixed for 10 min at room temperature in 50:50 acetone:methanol [Lane, 1982; Pera and
Gorman, 1984] reacted with the LP34 anti mouse keratin monoclonal antibody and stained with
fluorescein-conjugated anti mouse IgG. A 3T3 cell (arrow) is not stained. The LP34 hybridoma super-
natant was a generous gift of Dr. E.B. Lane, ICRF, South Mimms, UK. Bar = 20 wm. b. Normal human
keratinocytes were fixed as in Panel a and stained by reaction with 1:10 dilution of the LP34 supernatant
followed by reaction with an anti-mouse IgG alkaline phosphatase kit (Vectastain AK5002) and visu-
alized by incubation with an alkaline phosphatase substrate kit (Vectastain SK5I00) for 25 min in the
dark. Bright-field illumination. The 3T3 feeder cells outside the colony boundary (white lines) do not
stain. Bar = 500 um. ¢,d. Keratinocytes stained with polyclonal antisera raised against desmoplakin (c)
[Franke et al., 1981, 1982] and desmocollin (d) [Cowin et al., 1984] proteins of the desmosome. Bar
= 20 wm. e. Visualization of differentiating human keratinocytes with a polyclonal rabbit antiserum to
involucrin (a generous gift from Dr. EM. Watt, ICRF, Lincoln’s Inn Fields, London, UK). The micro-
graph shows an acetone-methanol-fixed 10-day normal human keratinocyte colony after reaction with
the anti-involucrin antiserum and an anti-rabbit peroxidase kit (Vectastain PK-4001). The involucrin-
positive cells were visualized by treatment for 7 min in the dark with 0.6 mg/ml diaminobenzidine and
0.6 ul hydrogen peroxide in PBSA, pH 7.4. Bright-field illumination. The colony edge is delineated
by the white line, and the 3T3 feeder layer outside the colony edge does not stain. Arrow: An isolated
differentiating keratinocyte. Note that the nonstratified colony edge contains few if any involucrin-
positive cells but that the colony center is stained to varying intensities. Bar = 200 um. f. Visualization
of human nuclei with the mouse monoclonal antibody LP4N (a generous gift of Dr. E.B. Lane, ICRF,
South Mimms, UK). The micrograph shows an acetone-methanol-fixed 10-day-old normal human
keratinocyte colony after reaction with a 1 in 100 dilution of LP4N and visualization as with Panel b.
The white line shows the border of the keratinocyte colony. The nuclei of the mouse 3T3 cells do not
stain. Arrow: An isolated human keratinocyte. Bright-field illumination. Bar = 500 wm. Panels ¢ and d
from Watt et al. [1984] with permission of the Rockefeller University Press and Dr. EM. Watt.
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Fig 3.3. The transverse sections are as follows: a. A cultured keratinocyte colony. Compare with Panel
b; note the absence of a granular layer and an anucleate stratum corneum. Bar = 25 wm. b. Human
epidermis. Bar = 25 um. ¢. Cultured human epidermis grafted onto the perniculus carnosus of a nude
mouse (see Banks-Schlegel and Green [1980] for details). d. Cultured mouse epidermal cells seeded
onto granulation tissue in a syngeneic mouse (see Fusenig et al. [1983] for details). Bar = 20 um. e.
Cyst derived from cultured 5V40-transformed human keratinocytes injected subcutaneously into a nude
mouse (see Doran et al. [1980] for details). Bar = 50 wm. f. Human epidermal keratinocytes cultured
on collagen rafts at an air-liquid interface (see Asselineau et al. [1985] and Kopanetal [1987] for details).
Bar = 25 um. Note the appearance in Panels c—f of an anucleate stratum corneum and a stratum
granulosum and the general increase in epidermal thickness. Panels a, b, and f reproduced from Kopan
et al. [1987], with permission of the Rockefeller University Press and Dr. E.V. Fuchs. Panel ¢ reproduced
from Banks-Schlegel and Green [1980], with permission of Williams and Wilkins and Dr. H. Green.
Panel d reproduced from Fusenig et al. [1983], with permission of the Society of Dermatology, Inc.,
Cleveland, OH and Dr. N. Fusenig. Panel e is a generous gift from Dr. P.H. Gallimore of the Department
of Cancer Studies, University of Birmingham.

man cultures by depleting of the fetal bovine serum that is to be
used in the cultivation of the cells of vitamin A [Fuchs and Green,
1981]. It is now known that vitamin A has a strong suppressive
action on many aspects of the keratinocyte differentiation program
[Fuchs and Green, 1981; Kopan et al., 1987].
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A more complete differentiation program than that found in vi-
tro can be restored to the keratinocyte by grafting confluent cul-
tures onto the perniculus carnosus connective tissue of immuno-
suppressed mice (Fig. 3.3c) [Banks-Schlegel and Green, 1980],
seeding cell suspensions onto experimentally produced granula-
tion tissue (Fig. 3.3d) [Fusenig et al., 1983; also see Chapter 2],
or injecting cell suspensions at high cell density subcutaneously
into immunosuppressed mice (Fig. 3.3e) [Doran et al., 1980].

In vitro the complete keratinocyte differentiation program can
best be obtained by culturing the keratinocytes on collagen rafts
until they become confluent. When confluence is reached, the col-
lagen matrix carrying the epithelium is raised, so that the medium
feeds the confluent culture with nutrients and growth factors
through the collagen and the ventral surface of the epithelium. It
is thought that a vitamin A gradient develops ventro-dorsally
across the epidermis, and it has been demonstrated that by means
of this system the complete differentiation program and all the
normal epidermal layers are restored to the epithelium (Fig. 3.3f;
see also Chapter 2) [Asselineau et al., 1985; Kopan et al., 1987].
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APPENDIX: SOURCES OF MATERIALS

Reagent Catalog No. |Supplier
Adenine (hydrochloride) A9795 Sigma
Alkaline phosphatase reaction kit | SK5100 Vector
(Red)
Anti mouse IgG ABC alkaline AKS5002 Vector
phosphatase kit
Anti Rabbit IgG ABC peroxidase |PK4001 Vector
kit
Balb 3T3 A31 cells CCL163 ATCC
Bovine serum (selected batch) GIBCO BRL, ICN,
Sigma, Seralab
Cholera toxin C3012 Sigma
Cryotubes 5000-0012 Nalge Nunc
Diaminobenzidine tablets D5905 Sigma
DMSO D2650 Sigma
Dulbecco’s modified Eagle’s 31885 GIBCO BRL
medium
EDTA (sodium salt) E8008 Sigma
Epidermal growth factor (cell 066-53003A | GIBCO BRL
culture grade)
Fetal bovine serum (selected Type I Hyclone
batch)
Glutamine (100X concentrate) 043-05030 GIBCO BRL
Glycerol G2025 Sigma
Ham’s F12 medium 21765 GIBCO BRL
HEPES, 1 M solution 15630-056 GIBCO BRL
Hydrocortisone hemisuccinate H4881 Sigma
(sodium salt)
Hydrogen peroxide (30% solution) | H1009 Sigma
Insulin 16634 Sigma
Penicillin P3032 Sigma
Streptomycin S9137 Sigma
Swiss 3T3 cells CCL92 ATCC
Transferrin (bovine) T8027 Sigma
Triiodothyronine (sodium salt) T6397 Sigma
Trypsin (crystalline) 3703 Worthington
Biochemicals
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I. BACKGROUND ISSUES IN CULTURING HUMAN
MAMMARY EPITHELIAL CELLS

One of the main advantages in culturing normal human mam-
mary epithelial cells (HMEC) is that, unlike most other human
organ systems, it is easy to obtain breast tissues with normal epi-
thelial cell content from healthy individuals. Reduction mammo-
plasty operations, which are commonly performed mostly on
younger individuals, yield abundant quantities of HMEC. Al-
though it is not known what is responsible for the large deposition
of fat in these breasts, pathologic evaluation of these tissues gen-
erally indicates no epithelial pathology or mild to moderate fibro-
cystic disease. Additionally, lactation fluids provide another read-
ily available source of smaller quantities of HMEC in a more
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differentiated state. The main difficulties encountered in devel-
oping culture systems for normal HMEC arise from the breast
being an architecturally complex tissue containing several epithe-
lial and nonepithelial cell types and from the fact that the breast
can undergo multiple states of differentiation at different times.

Difficulties exist in distinguishing between the major epithelial
cell types (luminal and basal), the interrelationship between these
types, and determining which cell types are proliferating in the
culture system. Furthermore, in vivo, breast epithelial cells nor-
mally interact with other cell types (e.g., fibroblast, vascular en-
dothelial, and adipose), as well as cell matrix components, within
a three-dimensional architecture. Most culture systems do not
model this complexity. Basal epithelial cells line the outside of
the ducts, resting upon the basement membrane. Included in the
basal layer are myoepithelial cells, which contain musclelike myo-
filaments and which contract on appropriate hormonal stimuli to
cause expulsion of milk. The luminal cells lie on top of the basal
layer, although they may also have direct contact with the base-
ment membrane. In vivo, they exhibit a polarized morphology,
with microvilli at the luminal side. In the rat mammary gland, it
has been suggested that a common stem cell for both myoepithe-
lial and luminal lineages lies in the basal layer; additionally, a
second type of pluripotent cell for ductal and alveolar cell types
may also exist [Dulbecco et al., 1986]. It is not known for human
mammary development whether both myoepithelial and luminal
lineages derive from a common stem cell or whether an inter-
mediate stem cell type exists. Other dimensions of complexity are
added by topography. Cells in the large ducts show differences in
structure and function compared with those found in the smaller
ducts and terminal ductal lobular units (TDLU).

Unlike most other organ systems, the adult mammary gland is
not always in a functionally differentiated state, as it would be
during pregnancy, lactation, or involution. Other than the cells
obtained from lactational fluids, human mammary tissues are not
readily available from differentiated glands, making analysis of
functional differentiation in culture extremely difficult. In terms
of using cultured HMEC for studies of carcinogenesis, this is not
a major handicap, because mammary carcinoma cells generally
do not exhibit properties of functional differentiation. However,
the absence of understanding of mammary epithelial cell lineages
is more problematic, because cancer cells found in vivo, as well
as most breast tumor cell lines in vitro, closely resemble the phe-
notype of the normal mature luminal cell in vivo. Yet cultured
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normal HMEC with this phenotype show the least proliferative
potential. Thus it is difficult to compare cultured normal and
tumor-derived HMEC that share the same phenotypic markers and
proliferative capacity. Increased information on the mechanisms
controlling HMEC development into fully mature luminal cells
may shed light on the nature of malignant progression.

In an attempt to assist identification of the different epithelial
cell types, considerable effort has been put into developing im-
munologic markers (monoclonal antibodies) against various com-
ponents of HMEC. The markers have been used to define specific
phenotypes in vivo (i.e., in tissue sections) and to identify pheno-
types of the cultured cells. In this context, the epithelial keratins
have been extremely useful, because their expression appears to
be maintained in culture. In Fig. 4.1 it can be seen that all the
luminal epithelial cells express keratins 8 and 18 and most express
19, whereas all the basal cells express keratins 5 and 14 and do
not express keratins 8 and 18. Keratin 7 is expressed in both cell
types throughout the gland, and keratins 19 and 14 are also ex-
pressed by both cell types in the large ducts but not in the TDLU.
Some of the antibodies used in identifying keratins are listed in
Table 4.1, which also lists antibodies directed to other phenotypes
useful for HMEC identification, e.g., polymorphic epithelial mu-
cin (PEM), expressed by luminal epithelial cells [Burchell et al.,
1983; Gendler et al., 1988], and smooth muscle actin and CALLA
(common leukocytic leukemia antigen), expressed by basal epi-
thelial cells.

Cultivation of bona fide tumor cells from primary breast tumors
has proven more difficult than the culture of normal HMEC. Cul-
ture of tumor tissues in media developed for normal HMEC does
not lead to outgrowth of cells displaying tumor-associated phe-
notypes. The cells that proliferate may derive from premalignant
tissue or associated benign or in situ components. In the past few
years, several groups have developed specialized culture condi-
tions that support growth of tumor-derived HMEC that display
the phenotypes of the tumor cells. These methods include spe-
cialized media formulations, low calcium, oxygen, and nutrient
concentrations, and specialized methods of tissue digestion. The
tumor cells have generally shown limited, notably slow, growth
in culture. However, because there is no one standard procedure
that allows routine culture of demonstrable tumor cells from pri-
mary tumors, we do not present a method for the culture of ma-
lignant cells from the breast. The reader is referred to the several
references where growth of bona fide tumor cells from primary
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breast cancers has been reported [Ethier, 1996; Dairkee et al.,
1997; Li et al., 1998]. The development of infinite lifespan lines
from primary tumor tissues has also been very difficult [Band et
al., 1990; Ethier, 1996]. A recent study attempting to address this
deficiency reported that 10% (18/177) of primary human breast
tumors could generate continuous lines; however, these tumors
had features indicative of advanced cancer with poor prognosis
[Gazdar et al., 1998].

Because the culture of rodent mammary epithelial cells requires
different media and another set of markers, methods for their cul-
ture are not discussed in this chapter.

KERATIN 7
Predominantly luminal.
Some expression in
basal cells in large duct.

KERATINS 8 & 18
Luminal.

KERATIN 19
Predominantly luminal.
Some unstained cells
in end structures.
Some staining of basal
cells in large ducts.

KERATIN 14
Predominantly basal.
Some staining of luminal
cells in large ducts.

Key
BN Strong staining Fig 4.1. Keratin expression

I Less intense staining in the human mammary
Heterogeneous staining gland.
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TABLE 4.1. Monoclonal Antibodies Useful for Characterizing
Cultured Human Mammary Epithelial Cells

Antibody Target Antigen Reference
HMFG-1 Polymorphic Burchell et al., 1983
HMFG-2 Epithelial mucin Burchell et al., 1983
SM-3 (PEM) Burchell et al., 1987
BA16 Keratin 19 Bartek et al., 1987
BA17 Keratin 19 Bartek et al., 1987
CO4 Keratin 18 Bartek et al., 1989
DA7 Keratin 18 Lauerova et al., 1988
LE61 Keratin 18 Lane, 1982

LLO001 Keratin 14 Taylor-Papadimitriou et al., 1989
12C8-1 Keratin 14 Dairkee et al., 1985
M20 Keratin 8 Van Muijen et al., 1987
C-15 Keratin 8 Bartek et al., 1987
RCK 105 Keratin 7 Ramackers et al., 1987
C-18 Keratin 7 Bartek et al., 1987

V9 Vimentin Osborn et al., 1984
FN-3 Fibronectin Keen et al., 1984

Al12 Common acute lympho- Gusterson et al., 1986

blastic leukemia
antigen (CALLA)
SM1 a-Actin Skalli et al., 1986;
Gugliotta et al., 1988

2. PREPARATION OF REAGENTS AND MEDIA

2.1. Stock Solutions, Trypsin, and Media for Milk
Cell Cultures

2.1.1. Stock Solutions

Insulin, 1 mg/ml in 6 mM HCI

Hydrocortisone, 0.5 mg/ml in physiological saline

Cholera toxin, 50 ug/ml in physiological saline

Trypsin (1:250), 0.2% in Hanks’ balanced salt solution (HBSS)
Pancreatin, 1.0% in HBSS

NAEBD -

Serum and stock solutions of insulin, hydrocortisone, cholera
toxin, pancreatin, and trypsin should be stored at —20°C.

2.1.2. Trypsinization Solution (TEGPED)

Combine:
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Final Conc.

EGTA, 0.5% (13 mM), in PBSA 10 ml 6.5 mM
EDTA, 0.02% (5 mM), in PBSA 4 ml 1.0 mM
Trypsin, 0.2% in HBSS 4 ml 0.04%
Pancreatin, 1.0% in HBSS 2 ml 0.1%

2.1.3. Growth Medium, Milk Mix (MX)
Add to RPMI 1640:

Final Conc.
FBS 15%
Human serum 10%
Cholera toxin 50 ng/ml 0.6 nM
Hydrocortisone 0.5 pg/ml 1.4 uM
Insulin 1 wg/ml 0.2 uM

2.2. Reagents for Reduction Mammoplasty

2.2.1. Tissue Mix Medium

Add sterile solutions of the following to 1:1 DMEM:Ham’s F12
medium (or equivalent) to yield the indicated final concentrations:

Insulin 10 pg/ml
Penicillin 100 U/ml
Streptomycin 100 pg/ml
Polymyxin B 50 U/ml
Fungizone 5 pg/ml

Store at 4°C.

2.2.2. Enzyme Stock Solution

(1) Dissolve collagenase in appropriate amount of tissue mix
medium at 37°C to give 1500 U/ml. Filter sequentially
through 0.80-um, 0.45-um, and 0.22-um Nalgene filters to
remove impurities and to sterilize.

(i1)) Dissolve hyaluronidase (1000 U/ml) in appropriate amount
of tissue mix medium at 37°C. Filter through 0.22-um Nal-
gene filter.

(iii) Combine equal volumes of the sterile collagenase and hy-
aluronidase solutions. This is a 5X solution. Aliquot 30-ml
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volumes into 50-ml conical tubes. Store at —70°C for up to
1 yr

2.2.3. Tissue Digestion Medium

Add appropriate amounts of the tissue mix medium, enzyme
solution, and FBS to the dissected breast tissue to yield a final
concentration (including the volume of the tissue) of 150 U/ml
collagenase, 100 U/ml hyaluronidase, and 10% FBS (see Proto-
col 4.4).

2.3. Preparation of Media for Cryopreservation

2.3.4. Cell Preservative Medium 1 (CPM1)

To make 100 ml, add 15 ml of FBS and 10 ml of DMSO to
75 ml of a 1:1 mixture of DMEM and F12. Shake gently to mix,
aliquot, and store indefinitely at —20°C. Refrigerate after thawing.
Used for freezing organoids.

2.3.5. Cell Preservation Medium 2 (CPM2)

To make 100 ml, mix 10 ml of glycerol (10%), 15 ml of FBS
(15%), and 75 ml of MCDB 170 base (75%). Aliquot and store
at —20°C. Refrigerate after thawing.

2.4. Reagents for Subculture of Primary Cultures in
MCDB 170

2.4.1. STE (Saline-Trypsin-EDTA)
(i) Solution A:

g mM
HEPES 7.149 30
Glucose 1.880 10
KCl 0.2238 3
NaCl 7.697 132
Na,HPO, - 7H,O 0.268 1
Phenol red 0.010 0.028

UPW to 1 liter
Sterilize through 0.22-um filter and adjust pH to 7.6. Store at 4°C.
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(i1)) Dissolve trypsin and EDTA in solution A to yield a final
concentration of 0.05% trypsin and 0.02% (0.5 mM) EDTA.
Filter-sterilize and store frozen at -20°C.

NOTE ON STE: Always label trypsin solution with the date
thawed; do not use trypsin more than 1 week old. Do not leave
trypsin in a 37°C water bath.

2.5. Preparation of Serum-Free Medium, MCDB 170

Complete MCDB 170 medium consists of the basal MCDB 170
formula [Hammond et al., 1984] plus a set of serum-free supple-
ments. Depending on the source of MCDB 170, some of these
stocks will be supplied with the medium. Nearly complete MCDB
170 (lacking transferrin and isoproterenol) is available from
Clonetics/BioWhittaker (MEGM; mammary epithelial growth me-
dium). Medium containing fewer of the supplements is also avail-
able (MEBM; mammary epithelial basal medium). Other com-
panies that make medium may supply basal MCDB 170. Always
check to make sure which supplements come with the medium.
Additionally, MCDB 170 was originally formulated to have a
HEPES rather than a sodium-bicarbonate buffer base. HMEC
grown in HEPES-based medium require a low-CO, incubator,
~0.2-1.0%. At these low settings there may be considerable var-
iation among incubators; the best criterion for CO, setting is when
the phenol red pH indicator is a salmon-orange. HEPES-based
MCDB 170 is available from Clonetics as MEBM-SBF. We highly
recommend the use of the HEPES-based medium if at all feasible,
as the cells maintain their pH balance much better. Clonetics also
provides a phenol red-free medium, called MEBM-PRF.

If you prefer to prepare basal MCDB 170 yourself, instructions
are provided in Appendix A: Stock Solutions for MCDB 170 at
the end of this chapter.

Cells growing serum-free are more sensitive to toxins in the
environment. Be sure that you have not placed in the incubator,
or used for cleaning, any potentially toxic compounds. Washing
the incubator with distilled water and then leaving the door open
for a day can alleviate some problems.

2.5.1. Stock Solutions

The following constituents are components of basal MCDB
170, but they must be added just before use to prevent precipi-
tation or degradation. Again, you may be able to purchase these
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from

the same supplier, but, if not, they may be made up as

follows:

@)

(i)

(iii)
(iv)

(v)

2.5.2.

L-Glutamine, 200 mM stock. Dissolve 2.92 g of L-gluta-
mine in 100 ml of UPW. Sterilize through a 0.22-um filter
and store in 5-ml aliquots at —20°C.

Stock J, 200X. CaCl,-2H,0, 5.88 g in 100 ml of UPW.
Sterilize through a 0.22-um filter and store at room
temperature.

Stock K,, 200X. MgSO,-7H,0, 7.39 g in 100 ml of UPW.
Filter, sterilize, and store at room temperature.

Stock K,, 200X. FeSO,-7H,0, 27.8 mg in 100 ml of UPW
with 1 drop of 1 N HCI. Filter-sterilize and store at room
temperature. Be sure to discard if solution contains a pre-
cipitate or becomes orange-colored. Best to store under
nitrogen.

Stock M, 100X. Riboflavin, 1.13 mg in 100 ml of UPW.
Filter-sterilize and store at —20°C in the dark. Place in ali-
quots so that it is not thawed more than 5 times.

Supplements for Serum-Free Medium

Usually, all of the following supplements will need to be added
to basal MCDB 170 to make complete MCDB 170. They may be
available from your media supplier, but, if not, they may be pre-
pared as follows:

@

(i1)

(iii)

(iv)

Insulin, 200X stock, 1 mg/ml. Dissolve 1 g of insulin pow-
der in 200 ml of 0.005 N HCI (1 ml 1 N HCI with 199
ml of UPW) by stirring on a magnetic stirrer. Add 1 N
HCI dropwise if powder does not dissolve, not to exceed
a final concentration of 0.005 N HCI. Bring up to 1 liter
and sterilize through a 0.22-um filter. Store aliquots at
—20°C.

Hydrocortisone, 2000X stock, 1 mg/ml. Dissolve 10 mg
of crystalline hydrocortisone in 10 ml of 95% ethanol.
Store at —20°C.

EGF (epidermal growth factor), 20,000X stock, 100 ug/
ml. Add 1 ml of sterile UPW or solution A (see Section
2.4.1 (1)) to a vial of 100 g of sterile EGF. Mix gently.
Aliquot 50-ul and 100-ul portions to Nalge Nunc am-
poules and freeze at —20°C for up to 3 months.
Isoproterenol, 500 stock, 5 X 107> M. Do not inhale dust.
In hood, dissolve 50 mg of isoproterenol in 40 ml of 95%
ethanol and store at —20°C. Make up fresh monthly.
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(v) Ethanolamine (2-aminoethanol), 1000X stock, 10~" M.
Dissolve 61 mg of ethanolamine in 10 ml of MCDB 170
base or solution A (see Section 2.4.1, (i)). Sterilize through
a 0.22-um filter and store at 4°C.

(vi) o-Phosphoethanolamine, 1000X stock, 10~" M. Dissolve
141 mg of phosphoethanolamine in 10 ml of MCDB 170
base or solution A (see Section 2.4.1, (i)). Sterilize through
a 0.22-um filter and store at —20°C.

(vii) Transferrin, human, 2000X stock, 10 mg/ml. Dissolve 50
mg of transferrin in 5 ml of sterile distilled water or so-
lution A (see Section 2.4.1, (i)). Sterilize through a 0.22-
pm filter and freeze at —20°C for up to 3 months.

(viii)) BPE (bovine pituitary extract), 200X stock, 14 mg/ml.
Centrifuge BPE at 13,000 g for 10 min. Sterilize by se-
quential filtration through 0.8-um, 0.45-um, and 0.22-pwm
Nalgene filters. Filtering proceeds slowly. Aliquot 5- to 10-
ml portions into sterile screw-cap vials and store at —20°C
for up to 1 year.

2.5.3. Preparation of Complete MCDB 170 from Basal
MCDB 170

(i) Immediately before use, add the following filter-sterilized
stocks to 967 ml of basal MCDB 170:

L-Glutamine, 200 mM 10 ml
Stocks J, K,, and K, 5 ml each
Stock M 10 ml

If MCDB has been supplied without trace elements, you will
also need to add:

Stock L (see Appendix A: Stock Solutions
for MCDB 170) 10 ml

Stir vigorously while stocks are slowly being added on mag-
netic stir plate with sterile stir bar.

(i1) Add the following supplements (see Section 2.5.2 for stock

solutions):
Supplement Amount Final conc.
Insulin stock 5 ml 5 pg/ml (~1 uM)
Hydrocortisone stock 0.5 ml 0.5 pg/ml (1.4 uM)
EGF stock 100 wl 10 ng/ml (1.7 nM)
Ethanolamine stock 1 ml 6.1 pug/ml (0.1 mM)
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Transferrin stock 1 ml 5 pg/ml (~60 nM)
BPE 5 ml 70 ug/ml total protein

Antibiotics are best omitted but may be added at this stage if
required.

(iii) Store at 4°C for up to 2—3 weeks. Do not freeze.

3. CULTURE OF MAMMARY EPITHELIAL CELLS FROM
HUMAN MILK

The earliest studies on cultured HMEC employed early lacta-
tion or postweaning milk [Buehring, 1972; Taylor-Papadimitriou
et al., 1977a, 1977b, 1980], which gives the highest yield of epi-
thelial cells, together with many macrophages. The procedure is
simple and fast, the major expenditure of time being associated
with the collection of the milk samples, which can be treated
individually or pooled. If duplicate plates are required, it is ad-
visable to pool the milk samples.

Media used to culture milk cells include a high-serum medium,
Milk Mix (MX; see Section 2.1.3), and a lower-serum-containing
medium, MM [Stampfer et al., 1980] (see Section 4.6). MX was
developed for growth of the differentiated luminal cells found in
milk; in this method the milk macrophages act as feeders [Taylor-
Papadimitriou et al., 1977a, 1977b, 1980] and do not divide,
whereas epithelial cells go through approximately 20 divisions
and can be subcultured one or two times [Taylor-Papadimitriou
et al., 1977b; Stoker et al., 1982]. MM was developed using
HMEC from both nipple aspiration fluids and reduction mam-
moplasty tissues, and it also supports limited proliferation of milk-
derived cells. Because milk provides keratin 19-expressing mature
luminal cells, this culture method can be used to immortalize,
specifically, these cells using SV40 virus [Chang et al., 1982] or
SV40 DNA [Bartek et al., 1990]. Most milk-derived HMEC in
the primary cultures have been characterized as belonging to the
luminal cell lineage. They express keratins 7, 8, and 18 homo-
geneously, and 85% of the colonies express keratin 19; some ker-
atin 14 is also expressed [Bartek et al., 1985; Taylor-Papadimi-
triou et al., 1989]. Additionally, they display the differentiated
PEM epitopes [Taylor-Papadimitriou et al., 1989]. Those milk-
derived cells that show greatest proliferative activity in culture do
not express keratin 19 or PEM and may represent occasional non-
luminal cells shed into the milk fluids [Bartek et al., 1985; Chang
and Taylor-Papadimitriou, 1983].
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Protocol 4.1. Milk Collection for Mammary Epithelial Cell
Culture

Reagents and Materials

Sterile

a uUPw

U Medium: RPMI 1640 (other media can be used, as appropriate)

U Universal containers

Protocol

(a) Collect milk (2—7 days postpartum) from donors at home
or in hospital wards.

(b) Swab the breast with sterile H,O.

(c) Express the milk manually into a sterile container. Usually 5—
20 ml is obtained per individual. Place a maximum of 10 ml
in each container.

(d) Dilute individual or pooled milks I:1 with RPMI 1640 or

other medium to facilitate centrifugation.

Protocol 4.2. Primary Culture of Mammary Epithelial
Cells from Milk

Reagents and Materials

Sterile

Qa

Universal containers of diluted milk

U  Wash medium: RPMI 1640 containing 5% FBS

U  Growth medium: MX (see Section 2.1.3.)

U Petri dishes, 5-cm

Protocol

(a) Spin diluted milk at 600—1000 g for 20 min.

(b) Carefully remove supernatant, leaving some liquid so as not
to disturb the pellet.

(c) Wash the pelleted cells two to four times with RPMI con-
taining 5% FBS until supernatant is not turbid, again, leaving
some medium to avoid disturbing the pellet.

(d) Resuspend the packed cells in MX growth medium at the

rate of 50 ul of packed cells per 6 ml of MX.
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(e) Plate cell suspension in MX growth medium at 6 ml per 5-
cm dish.

() Incubate the dishes at 37°C in 5% CO,.

(g0 Change the medium after 3—-5 days and twice weekly
thereafter.

(h) Colonies appear around 6—8 days and expand to push off
the milk macrophages, which initially act as feeders.

When using the MX medium, it is convenient to use the mac-
rophages that are already present in the milk as feeders; these are
gradually lost as the epithelial colonies expand. However, if de-
sired, macrophages can be removed by absorption to glass and,
in that case, other feeders must be added. Irradiated or mitomycin-
treated 3T6 cells show the best growth-promoting activity [Taylor-
Papadimitriou et al., 1977a]. A cyclic AMP-elevating agent is cru-
cial for growth of milk cells. However, analogs of cyclic AMP
can be employed to replace the cholera toxin normally used
[Taylor-Papadimitriou et al., 1980] if 3T6 cells are serving as
feeders, but this is not possible with macrophage feeders, which
are killed by the analogs.

Protocol 4.3. Subculture of Milk Cells
Reagents and Materials

Sterile

U TEGPED (see Section 2.1.2)

U Wash medium: RPMI 1640 containing 10% FBS
U Growth medium: MX (see Section 2.1.3)

1 Petri dishes, 5-cm

Protocol

(a) Incubate colonies or resulting monolayer in TEGPED (1.5 ml
per 5-cm plate) at 37°C for 5—15 min, depending on the age
of the culture, to produce a single-cell suspension.

(b) Wash free of enzyme mixture by centrifuging the cells at
500 g, resuspending the pellet in 10 ml of RPMI 1640 con-
taining 10% FBS, and recentrifuging.

(c) Resuspend the pellet in the same volume of MX medium as
the original culture before trypsinization, i.e., in 6 ml for the
cells from one 5-cm dish.

(d) Dilute the cell suspension 1:3 in MX medium.

(e) Replate into three 5-cm dishes.
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4. CULTURE OF MAMMARY EPITHELIAL CELLS FROM
REDUCTION MAMMOPLASTY

Reduction mammoplasties provide an abundant source of nor-
mal and benign HMEC. The large quantity of tissue from each
operation, plus the ability to freeze the isolated HMEC, means
that cells from the same individual can be used repeatedly for
experimentation. Epithelial cells are isolated from the tissue using
crude dissection and an enzymatic dissociation technique modified
from one originally reported for rat mammary tissue [Hallowes et
al., 1977]. Prolonged growth of these cells in culture was first
achieved using the serum-containing MM medium [Stampfer et
al., 1980; Stampfer 1982; Stampfer, 1985], and later by growth
in a serum-free medium, MCDB 170 [Hammond et al., 1984].
Another technique using low-calcium medium can also provide
prolonged HMEC growth [Soule and McGrath, 1986].

MM medium supports active HMEC growth for approximately
15-25 population doublings [Stampfer, 1985]. These cultures
show a mixed morphology and cell composition, with both basal
(keratin 5- and 14-positive, a-actin positive, keratin 19 negative)
and luminal (keratin 8-, 18-, and 19-positive, PEM positive) mark-
ers initially present [Taylor-Papadimitriou et al., 1989]. As the
population becomes nonproliferative, larger, flatter senescence-
associated (B3-galactosidase (SA-B-gal)-positive cells predominate.
Expression of the cyclin-dependent kinase inhibitor p16™** in-
creases sharply as the cell population approaches this senescence
arrest [Brenner et al., 1998]. The mean terminal restriction frag-
ment (TRF) length, a measure of telomere length, is ~6—8 kb in
this senescent population.

The cells that initially maintain proliferation in MCDB 170
express a more predominantly basal phenotype. These cells also
cease most growth after 15-25 population doublings and gradu-
ally become large, flatter, SA-B-gal(+), with increased levels of
pl6 and a mean TRF of ~6-8 kb [Stampfer, 1985; Taylor-
Papadimitriou et al., 1989; Brenner et al., 1998]. However, in
MCDB 170, a small subpopulation of actively proliferating
cobblestone-appearing cells eventually appears. These cells no
longer express p16 and show specific methylation of the p16 pro-
moter [Brenner et al., 1998]. We have called this process associ-
ated with pl6 downregulation ‘“‘selection” and the pl16(—) cells
“postselection” HMEC [Hammond et al., 1984]. Depending on
the individual specimen, postselection cells may proliferate for an
additional 30—70 population doublings. The population gradually
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acquires a more luminal phenotype (keratins 8 and 18 and PEM,
but no keratin 19), while still retaining some expression of the
basal keratins 5 and 14. As this population approaches a second
senescence block, cells become larger, flatter SA-B-gal(+), with
a mean TRF that has declined to ~5 kb. It is not currently known
whether these postselection p16(—) cells represent a specific epi-
thelial population in vivo. Postselection HMEC can be generated
in very large quantities, assuring a steady supply of finite-lifespan
HMEC from standardized batches.

Another common method for generating populations of finite-
lifespan HMEC involves using medium in which the calcium con-
centration has been reduced. Soule and McGrath originally dem-
onstrated that primary cultures of HMEC grown in low (0.06
mM)-calcium medium could remain proliferative for a long time,
generating approximately 50 population doublings, possibly be-
cause of inhibition of differentiation [Soule and McGrath, 1986].
Cells shed spontaneously into the medium by the primary cultures
could be reestablished as secondary cultures that eventually ex-
hibited senescence. The phenotype of these cells has not been
defined in detail.

Immortal, nonmalignant cell lines that may retain wild-type
p53 and RB function can be obtained from normal reduction
mammoplasty-derived HMEC after exposure to chemical carcin-
ogens [Stampfer and Bartley, 1985], the putative breast oncogene
ZNF217 [Nonet et al., 2001], and ectopic expression of the cat-
alytic subunit of the human telomerase gene, hTERT [Stampfer
et al., 2001]. Growth in the low-calcium medium has also pro-
duced immortal lines from an individual subcutaneous mas-
tectomy tissue [Soule et al., 1990]. Immortal transformation is
also possible using specific viral oncogenes, e.g., the human pap-
illomavirus E6 and E7 oncogenes [Band, 1998; Shay et al., 1993b;
Wazer et al., 1995] and SV40T [Bartek et al., 1991; Shay et al.,
1993a], or through loss of p53 function [Gao et al., 1996; Gol-
lahon and Shay, 1996; Shay et al., 1995]. Further transformation
of these lines to anchorage and growth factor independence, and
tumorigenicity, is possible with the additional exposure to one or
two specific oncogenes, e.g., oncogenic ras and erbB2 [Clark et
al., 1988; Pierce et al., 1991; Russo et al., 1993; Ciardiello et al.,
1992]. This chapter does not address procedures for HMEC im-
mortalization. The reader is directed to the above references and
a recent review [Stampfer and Yaswen, 2000]. Detailed informa-
tion on the derivation of normal and transformed HMEC in our
laboratory can be found on the web site www.lbl. gov/~mrgs.
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4.1. Tissue Processing

The tissue digestion breaks down the stroma, freeing epithelial
organoids, which can then be separated from the digested stroma
by filtration. Fibroblasts from the same individual can be obtained
from the filtrate. Neither the fibroblasts nor small blood vessel
associated-cells pose a serious contamination problem, as they do
not proliferate well in MCDB 170 medium, which was developed
for the clonal growth of epithelial cells [Hammond et al., 1984].

Protocol 4.4. Processing Reduction Mammoplasty Tissue
for Culture

Reagents and Materials

Sterile or Aseptically Prepared

Human mammary tissue obtained as discarded material from
reduction mammoplasty surgery

Tissue mix medium (see Section 2.2.1) supplemented with
10% FBS

CPMI (see Section 2.3.4)

Growth medium: Complete MCDB 170 (see Section 2.5)
Enzyme solution (see Section 2.2.2)

Petri dishes, large, e.g., 15-cm

Petri dishes, small, 35-mm

Sterile containers (20—30 ml) containing tissue mix medium
Conical centrifuge tube (15 or 50 ml)

Plastic ampoules, I-ml capacity, (Nalge Nunc)

Scalpels, #1 |

Fine forceps

Fine scissors

Filter holders with 150-um and 95-um gauze filters: filter
cloth cut and secured by clips between two metal plate hold-
ers as shown in Fig 4.2

U Container to receive filtrate

I Iy Iy 5y

Nonsterile

O Tube rotator

Protocol

(a) Place material in sterile containers containing tissue mix me-
dium supplemented with 10% FBS and transport to the lab-
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Fig 4.2. Diagram of filter used
for separation of organoids.

112

(b)
(©)

(d)
(e)

(f)

(8
(h)
(i)
(i)

oratory at 4°C. Reduction mammoplasty tissue can be
stored or shipped at 4°C for at least 72 h without signifi-
cantly affecting subsequent cell viability.

Separate the epithelial areas from the stroma using a com-
bination of sterile scalpel, forceps, and scissors.

Transfer cut pieces of tissue into a large sterile dish (e.g.,
I5 cm). Epithelial areas appear as white strands embedded
in the more yellow stromal matrix. Dissect out these areas,
scraping away grossly fatty material.

Lacerate the epithelial tissue using opposing scalpels.
Transfer the minced epithelium-containing tissue into a |5-
or 50-ml conical centrifuge tube with the tissue making up
no greater than a third of the volume of the tube. Remove
fatty material remaining in the dish for disposal in the
autoclave.

Bring the tube up to full volume with tissue digestion me-
dium and a final concentration of 10% FBS and 150 U/ml
collagenase, 100 U/ml hyaluronidase (20% of tube volume
of enzyme stock solution), leaving only a small air space to
allow for gentle mixing during rotation.

Place tubes on tube rotator and rotate overnight at 37°C.
Centrifuge the tubes at 600 g for 5 min.

Discard the supernatant fat and medium.

Dilute a small aliquot of the pellet in medium to check on
the microscope for degree of digestion. Digestion is com-
plete when microscopic examination shows clumps of cells
(organoids) with ductal, alveolar, or ductal-alveolar struc-

C—<— PAPER CLIP

TO HOLD
DOUBLE CASING
ALUMINUM
CASING TO
HOLD GAUZE

NYLON GAUZE WITH DIFFERING
PORE SIZES (95, 150, 200, OR 400 pm)

The assembled structure is autoclaved and positioned on a
beaker in order to allow the digested organoids to pass through.
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(o)

(P)

(q)

(r)

(s)

®

tures free from attached stroma. If the tissue is not fully
digested:

i) Resuspend pellet in fresh tissue digestion medium as
previously, bringing the tube up to full volume with a
final concentration of 10% FBS and enzymes. The con-
centration of enzymes in the tissue digestion medium
can be varied according to how much more digestion
is required.

ii) Reincubate with rotation at 37°C for another 4—12 h.

iii) Recentrifuge tubes and recheck pellet.

iv) If digestion is still not complete, repeat above steps for
an overnight digestion.

When digestion is complete, centrifuge tubes at 600 g for

5 min, carefully aspirate supernatant, and resuspend pellet

in tissue mix medium (approximately |5 ml/50-ml tube, 5

ml/15-ml tube).

Place filter holder on top of a sterile disposable container.

Wet one side of the filter cloth with about | ml of tissue

mix medium and turn the filter over to the other side.

Transfer the resuspended organoids to the top of the filter

cloth a few ml at a time, letting the medium drain into the

container.

If there are too many organoids on the filter cloth, the me-

dium will no longer drain through the filter. In that case,

either additional filters should be used or the collected or-

ganoids should be removed (see below) and the filter

reused.

Carefully flip the filter cloth with the collected organoids

on top of another clean container with the organoids facing

down.

Wash the organoids off the filter with medium. This is the

[50-um organoid pool, which contains mostly ductal

structures.

Take the filtrate from the 150-um gauze filter and repeat
the filtering procedure with a 95-um filter in a holder. The
organoids collected from this filter contain mostly smaller
ductal and alveolar structures. The filtrate from the second
container contains mostly small epithelial clumps, vascular,
and stromal cells. This is the final filtrate.

Transfer the pools of 150-um and 95-um organoids and the
final filtrate to separate 50-ml tubes and centrifuge at 600
g for 5 min.

Aspirate the supernatant. Resuspend the pellets in each tube
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in CPMI by adding | ml of CPMI per 0.1 ml of packed cell
pellet.

(u) Seed a test dish for each tube by placing 0.1 ml of resus-
pended material into 35-mm dishes drop by drop distrib-
uted over different areas of the dish. Disperse the organoids
on the dish by gently knocking the dish sideways to spread
out the medium.

(v) Let the dish sit approximately | min, then add | ml of
growth medium to dish.

(w) Incubate at 37°C and check for attachment and sterility the
following day.

(x) Aliquot the remainder of the resuspended material into
plastic ampoules (I ml per tube).

(y) Freeze slowly at —[°C/min to —70°C and then transfer to
storage in liquid nitrogen.

ASafety note. Wear cryoprotective gloves, a face mask, and a
closed lab coat when working with liquid nitrogen. Make sure the
room is well ventilated to avoid asphyxiation from evaporated
nitrogen.

4.2. Initiation and Maintenance of Primary Cultures in
MCDB 170

Protocol 4.5. Primary Culture of Mammary Epithelium
from Organoids

Reagents and Materials

Sterile or aseptically prepared

U Ampoule containing freshly digested or frozen organoids

U Growth medium: MCDB 170 (see Section 2.5) or MM (see
Section 4.6)

U STE (See Section 2.4)

O PBSA

Protocol

(a) Quickly thaw the ampoule containing the frozen organoids
in 37°C water in a container with a lid.

ASafety note. An ampoule that has been stored in liquid nitrogen
can inspire liquid nitrogen if not properly sealed. The ampoule will
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then explode violently when warmed. To protect from potential
explosion of ampoules, thaw in a covered container, such as a large

plastic bucket with a lid, or store in the vapor phase.VVear gloves,

a face mask, and a closed lab coat.

(b)

(©
(d)

(e)

()

(8

(h)

Seed | ampoule (I ml) of thawed (or freshly digested) or-
ganoids into 2—10 (usually around 6) 25-cm?” flasks or 6-cm
dishes depending on visual estimation of the number of or-
ganoids in the ampoule. The thawed organoids are carefully
placed, drop by drop, onto the surface of the flask or dish
with a |-ml pipette or Pasteur pipette for an even distribu-
tion of organoids. Avoid scratching the vessel surface (the
cells tend not to grow past scratched surfaces).

Add 2 ml of growth medium per dish slowly to avoid dis-

lodging the organoids.

Incubate at 37°C in a humidified CO, incubator (~0.2% for

cells in MCDB 170, 5 % for MM). These are the primary

cultures.

After | day of incubation at 37°C, check that the organoids

are attached, and add an additional 2 ml of fresh medium.

Cell outgrowth should be visible by 24—48 h after seeding.

Cultures should be fed every 48 h or three times a week.

Cells grown in MM type media grow to near confluence

within 5—8 days, whereas cells grown in MCDB 170 media

may take longer (10—14 days).

If fibroblastic cell growth is observed (particularly from 95-

um organoid pools), remove by differential trypsinization as

follows.

i)  When epithelial patches are large, aspirate medium, and
wash once with saline-trypsin-EDTA (STE).

ii) Add 0.5 ml STE per 6-cm dish and leave STE on cells
at room temperature for about | min, with continued
observation under the microscope. Knock the dish
gently. When the fibroblasts are observed to detach
but the epithelial cells remain adherent, remove the
STE.

iii) For cells growing in the serum-free MCDB 170, all
traces of the STE must be removed. It is therefore
essential that the flask be washed an additional 2 times
with PBSA before refeeding. MM grown cells can be
refed with medium without additional washes.

Primary cultures should not be permitted to remain at

confluence, or growth potential on subculture will be

diminished.
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4.3. Subculture of Primary Cultures in MCDB 170

Primary cultures are subcultured when large epithelial patches
are present but before they reach confluence. The density of or-
ganoid seeding and attachment will influence the time required
(approximately 7—14 days) to reach subconfluence. To retain the
primary culture and to generate multiple secondary cultures,
spaced over time, remove only about 50% of the cells (partial
trypsinization).

Protocol 4.6. Serum-Free Subculture of Mammary
Epithelial Cells

Reagents and Materials

Sterile
U STE (see Section 2.4)
U PBSA

W Conical centrifuge tubes, 15-ml

Protocol

(a) Aspirate medium.

(b) Wash with 1-2 ml STE.

(c) Add 0.5 ml STE to dish/flask at room temperature. Observe
cell detachment under the microscope at room temperature
for 1-5 min, with gentle knocking of the dish to promote
cell detachment. The trypsinization should be stopped when
around 50% of the cells have detached. Early partial trypsin-
izations usually have rapid cell detachment. For later partial
trypsinizations, cells can be placed at 37°C for faster detach-
ment, but this should be carefully monitored, as all the cells
may come off quickly.

(d) Add 2 ml of sterile PBSA to dish/flask; repipette to wash
flask and transfer this wash to a |5-ml tube.

(e) Repeat with another 2 ml of PBSA, adding this wash to the
[5-ml tube.

(f) It is essential to wash the primary flask an additional 2 times
with PBSA to eliminate all traces of STE before refeeding
and returning to incubator.

(g) Count an aliquot of the cells transferred to the |5-ml tubes
above in a hemocytometer.

(h) Note the exact volume in the tubes, then bring the volume
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of PBSA in the tubes up to |15 ml and centrifuge at 600 g
for 5 min.

(i) Aspirate the supernatant and resuspend the cells in fresh
complete MCDB 170.

() Seed the cells in second passage at a density of 3—-5 X 10°
cells/cm’.

Partial trypsinization can be repeated, producing good growing
secondary cultures, approximately 6—10 times, or until cells in
the primary culture undergo ‘““selection” (see next section). Cells
removed from primary flasks can be stored frozen instead of seed-
ing (see below).

4.4. Further Passage of Cultures in MCDB 170

4.4.1. Preselection Passages

The HMEC grow actively, with a typical epithelial cobblestone
appearance for about two passages. Procedures for further sub-
culture and appropriate seeding densities are as described below.
At passage 2 or 3, most of the cell population gradually changes
morphology, becoming larger, flatter, striated, and characterized
by irregular edges. Fibronectin is expressed in a fibrillar pattern.
These cells eventually cease proliferation. When this senescence
arrest appears, maintain the cell cultures with regular feeding but
without subculture. Within 1-3 wk, small pockets of actively
growing cells with the typical epithelial morphology will appear.
The process has been termed ‘‘selection’ because only a few cells
proliferate at this point and are thus selected from the background
of senescing cells. The postselection cells retain the epithelial pat-
tern of punctate, cell-associated fibronectin and express increasing
levels of keratins 8 and 18 and PEM as well as keratins 5 and
14. They show no expression of pl6.

An alternate method of obtaining postselection HMEC is to
perform repeated (5—10) partial trypsinizations of the primary cul-
ture. The organoids will eventually no longer show widespread
vigorous regrowth, rather, flat, nondividing cells predominate.
Eventually, most organoid areas will give rise to postselection
cells (which are more refractile looking and have active pro-
liferation).

4.4.2. Postselection Passages

Within one or two passages, the population will consist uni-
formly of the morphologically epithelium-like postselection

Culture of Human Mammary Epithelial Cells

17



118

HMEC, with 18- to 24-h doubling times. Depending on the in-
dividual specimen donor, growth will continue for an additional
20-70 population doublings after selection. At a second senes-
cence block, cells will become larger and more vacuolated but
will retain the epithelial cobblestone, smooth-edged appearance
and punctate, cell-associated fibronectin pattern. When these in-
dications of senescence appear, cell cultures are no longer used
for general experimental purposes.

Some, but not all, specimen donors require the presence of a
cAMP stimulator to maintain the actively growing epithelial-
appearing population during selection. Isoproterenol, 1 X 107> M,
is therefore routinely added to half of all secondary cultures for
each new specimen donor. If growth during selection is enhanced
in the presence of isoproterenol, it is maintained in the culture
medium thereafter.

Complete MCDB 170 will support clonal growth of postselec-
tion HMEC with cloning efficiencies of 10—-50%.

Protocol 4.7. Serial Subculture of Mammary Epithelium
in MCDB 170

Reagents and Materials

Sterile
U STE (see Section 2.4)
Q PBSA

U Growth medium: complete MCDB 170 (see Section 2.5)
U Conical centrifuge tubes, 15- or 50-ml

Protocol

(a) Aspirate medium.

(b) Wash once with STE: ~3 ml/10-cm Petri dish or 75-cm’
flask; 2 ml/6-cm dish or 25-cm? flask; | ml/3.5-cm dish.

(c) Add just enough STE to barely cover the cells (it is impor-

tant to minimize amount of STE): | —1.2 ml/10-cm Petri dish
or 75-cm? flask; =0.4 ml/6-cm dish or 25-cm’ flask; <0.2
ml/3.5-cm dish.

(d) Incubate cells in 37°C incubator for 2—5 min. This time is
not fixed, as cells vary. Do not leave at room temperature.
The cells will not come off at room temperature.

(e) Remove cells from incubator after 2—3 min to check under
microscope whether they have all “rounded up.” Do not
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(h)
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o
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leave the STE on longer than necessary to remove most of
the cells. Tap dish lightly against hand or desk if necessary
to knock cells loose. Continue incubation at 37°C if cells
are still attached.

When most of the cells have loosened add PBSA to culture
vessels. Do not wait for all the cells to come off, particularly
if only small patches remain. Repipette the PBSA in the flask/
dish to break up clumps, and then transfer this to 15- or
50-ml tubes (use the larger volume tube for 10-cm dishes,
75-cm? flasks, or more than two 6-cm dishes).

Wash the flask/dish with about the same amount of PBSA
one or two times and transfer to tube. The final volume in
the tube should be about 6—12 ml/10-cm, 75-cm? 3—6 ml/
6-cm, 25-cm? 1-3 ml/3.5 cm, depending on the cell density
of the culture.

Repipette to mix and to break up any cell clumps.

Take a small amount in the tip of a plugged Pasteur pipette
to count in a hemocytometer.

Bring up volume in 15-ml or 50-ml tube to maximal with
PBSA to dilute STE, and centrifuge at 600 g for 5 min.
Carefully aspirate the PBS/STE away from the cell pellet.
Add growth medium and dilute the cells to the desired cell
concentration. Pipette a few times with |-ml pipette to get
rid of cell clumps.

Seed dishes at 3—5 X 10’ cells/cm? and gently swirl medium
to ensure even distribution of cells in the culture vessel.
Place in incubator.

4.5. Freezing of Human Mammary Epithelial Cells

Protocol 4.8. Cryopreservation of Mammary
Epithelial Cells

Reagents and Materials

Sterile

coouo

STE (see Section 2.4)

PBSA

Growth medium: Complete MCDB 170 (see Section 2.5)
Conical centrifuge tubes, |5- or 50-ml

CPM2 (see Section 2.3.5)
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Protocol

(a) Feed cells the day before freezing.

(b) Remove the monolayer populations of HMEC in primary cul-
ture or higher passages as previously described, and count
an aliquot in the hemocytometer.

(c) Centrifuge the removed cells at 600 g for 5 min.

(d) Aspirate the supernatant fraction and add CPM2 to yield a
cell concentration of | X 10° cells/ml. Keep the cells resus-
pended in preservative medium on ice.

(e) Label Nunc ampoules appropriately and add 0.5—1.0 ml of
resuspended cells to each ampoule.

(f) Slowly freeze the ampoules (approximately 1°C/min) to
—70°C and then transfer to storage in a liquid nitrogen

freezer. Do not store ampoules for more than a few days at
—70°C.

ASafety note. Wear cryoprotective gloves, a face mask, and a
closed lab coat when working with liquid nitrogen. Make sure the
room is well ventilated to avoid asphyxiation from evaporated
nitrogen.

(g) Growth is renewed by quick thawing of the frozen ampoule
in water at 37°C in a covered bucket.

ASafety note. An ampoule that has been stored in liquid nitrogen
can inspire liquid nitrogen if not properly sealed. The ampoule will
then explode violently when warmed. To protect from potential
explosion of ampoules, thaw in a covered container, such as a large
plastic bucket with a lid, or store in the vapor phase.Wear gloves,
a face mask, and a closed lab coat.

(h) Add the contents of | ampoule of 0.5 ml to a |5-ml tube
containing 12 ml of the appropriate medium for seeding.

(i) Repipette gently to break up cell clumps and seed. Cells can
be seeded directly into three 6-cm dishes or may first be
pelleted at 600 g for 5 min in PBSA to remove the serum
present in the preservative medium.

4.6. Culture of Human Mammary Epithelial Cells
in Other Media

The organoids produced by digesting reduction mammoplasty
tissue can be cultured in other media, such as the low-calcium
medium of Soule and McGrath [1986] or variations of the me-
dium MM, which contains conditioned medium from other cell
types [Stampfer, 1982, 1985].
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Detailed protocols for growth of HMEC in MM and making
MM medium can be found on the web site www.lbl.gov/~mrgs.
Most procedures for subculture and seeding densities are as de-
scribed above for MCDB 170, except that the presence of serum
in the MM allows cells removed by trypsin to be resuspended
directly on MM and seeded without pelleting. It is again important
to subculture the cells as soon as they reach confluence. Confluent
populations of cells grown in MM can produce large quantities
of lactic acid.

Cells grown in MM have a tendency to grow in multilayers
when confluent, producing domes and ridges. Addition of cAMP
stimulators enhances this tendency. Cholera toxin is therefore rou-
tinely omitted from MM of primary reduction mammoplasty cul-
tures to reduce multilayering in the organoid outgrowths. MM that
includes the cholera toxin is therefore used only after subculture
to second passage. For freezing down cells grown in MM, use
CPMI.

5. IDENTIFICATION AND MANIPULATION OF CELLS

5.1. Characterization of Cells as Epithelial

Cell phenotypes can be characterized effectively by immuno-
histochemistry; Table 4.1 lists some of the antibodies that can be
used. Positive staining with antibodies directed to cytokeratins
identifies the cells in culture as epithelial. Fibroblasts are not pres-
ent in milk and do not proliferate well in MCDB 170 medium;
lack of reaction with anti-cytokeratin antibodies together with a
positive reaction with an antibody to vimentin will demonstrate
their presence. Also, intense fibrillar staining for cell-associated
fibronectin is an easy way to detect even a single fibroblast cell
in an MCDB 170-cultured population. In the epithelial cells, fi-
bronectin is expressed in a punctate pattern [Stampfer et al.,
1981]. Positive staining for PEM can also identify epithelial cells
with luminal characteristics.

5.2. Distinguishing Epithelial Cell Phenotypes

As indicated above, the strong and homogeneous expression of
simple epithelial keratins 8 and 18 is characteristic of the luminal
epithelial cell phenotype [for review, see Taylor-Papadimitriou
and Lane, 1987]. In the mammary gland, the expression of keratin
19 appears to be associated with the most mature or differentiated
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luminal cell in the TDLU that will secrete milk under the correct
stimulus. Keratin 19 expression is found in the majority of cells
cultured in MX, whether the epithelial cells derive from milk or
reduction mammoplasty. Luminal cells that do not express keratin
19 have a higher proliferative potential and form large colonies
in milk cell cultures [Bartek et al., 1985]. The luminal epithelial
cells also express a mucin, PEM [Burchell et al., 1983; Gendler
et al., 1988], that can be detected by a large number of antibodies
(see Table 4.1 and Burchell and Taylor-Papadimitriou [1989] for
review).

Markers for basal epithelial cells in culture include smooth
muscle a-actin [Skalli et al., 1986; Gugliotta et al., 1988], the
common acute lymphoblastic leukemic antigen (CALLA) [Gus-
terson et al., 1986], and vimentin, as well as keratins 5, 7, and
14. Definite identification of myoepithelial cells in a basal cell
population would require demonstration of the presence of con-
tractile myofibrils, or oxytocin receptors, characterizations not
generally performed on cultured HMEC. Postselection cells are
characterized by the absence of pl6 expression [Brenner et al.,
1998]. They maintain some expression of keratins 5, 7, and 14
while acquiring increasing expression of keratins 8 and 18 and
PEM [Taylor-Papadimitriou et al., 1989].

5.3. Maturation and Differentiation Stages

In the culture conditions described here, none of the cultured
cells have been shown to produce the functionally differentiated
properties of casein or a-lactalbumin expression. Similarly, ex-
pression of a secretory component has not been detected [Bartek
et al., 1990]. The expression of PEM can be considered to be a
functional attribute of luminal epithelial cells, and high expression
is associated with a reduced growth potential [Chang and Taylor-
Papadimitriou, 1983]. Keratin 19-expressing cells most likely rep-
resent the most mature, terminally differentiated cells in the pop-
ulation, as they show the least proliferative potential in culture.

5.4. Cell Cycle Synchronization of Cultured HMEC

Achieving cell cycle synchrony can be useful for a variety of
studies on control of cell proliferation. HMEC are easy to arrest
in a G, state, and then release synchronously into G,, because of
their complete dependence on EGF receptor signal transduction
for growth. More detailed information about this subject can be
found in Stampfer et al., [1993]. Briefly, cells can be arrested in
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G, by removal of EGF from the growth medium, coupled with
the addition of 1-5 ug/ml of an anti-EGF receptor antibody,
MADb225. MADb225 is isolated from a hybridoma cell line (ATCC
Cat no. HB-8508), and the antibody can be obtained through stan-
dard hybridoma culture and antibody purification methods.
MAD225 is added because cultured HMEC can secrete sufficient
amounts of EGF receptor stimulating molecules, such as TGF-«,
to sustain their own growth in the absence of exogenously added
EGEF. After 48 h, almost all cells are quiescent, with no DNA
synthesis. The cultures can then be washed twice in PBSA and
refed with complete medium containing 25 ng/ml EGF. A syn-
chronous entry into S-phase occurs in ~12—15 h.

5.5. Introduction of Exogenous DNA

5.5.1. Transfection

We have successfully used a variety of methods (electropora-
tion, calcium phosphate coprecipitation, lipofection) for both tran-
sient and stable transfection of exogenous DNA into HMEC. By
far the easiest and most straightforward method employs cationic
lipids. We use Cytofectin GSV. Transfection has been most effec-
tive into immortal HMEC and some postselection specimens.

Protocol 4.9. Transfection of Human Mammary
Epithelial Cells

Reagents and Materials

Sterile or Aseptically Prepared

U Plasmid for transfection

U Growth medium: MCDB 170 (see Section 2.5)
O Cytofectin GSV stock, 2 ug/l

U Polystyrene tubes, |0 ml

Protocol

(a) Seed cells at 3.0 X 10° cells per 3.5-cm dish 24 h before
transfection.

(b) Dilute all plasmids to 0.5 ug/ul in sterile growth medium.

(c) Dilute Cytofectin GSV to 100 ng/ul in sterile polystyrene
tubes.

(d) Mix equal volumes of plasmid and Cytofectin GSV solutions
together by pipetting up and down.
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(e) Allow complexes to form for 10—15 min.

(f) Dilute 1:10 with growth medium.

(g) Remove medium from dishes.

(h) Add 1.0 ml of the plasmid-Cytofectin complex mixture to
each plate of cells and gently rock dishes back and forth and
side to side to distribute evenly.

(i) Incubate 5 h.

(i) Remove existing medium containing the plasmid-Cytofectin
complex mixture, and add 2.0 ml of fresh medium. Incubate
48 h before harvesting or starting drug selection.

5.5.2. Gene transduction using retroviruses

High-efficiency transfer of genes of interest into actively rep-
licating HMEC can be achieved using recombinant retroviruses.
This method is most useful for the finite-lifespan HMEC with
limited replicative potential. A variety of retroviral vectors are
available that incorporate convenient cloning sites for genes of
interest and selectable markers for selection of virus-expressing
cells [Miller and Rosman, 1989; Morgenstern and Land, 1990].
Transcription of the inserted genes is often driven by the retroviral
LTR, which we have shown has strong promoting activity in cul-
tured HMEC. We commonly generate replication-defective retro-
viruses by transient cotransfection of recombinant retroviral plas-
mids along with a plasmid encoding packaging functions [Finer
et al., 1994] into the highly transfectable 293 cell line. This pack-
aging system allows high-titer amphotropic retrovirus to be pro-
duced without the need to generate stable producer clones. This
is advantageous both in terms of time required and, more impor-
tantly, because it allows genes with possible growth-inhibiting or
toxic activities to be packaged. Retrovirus-containing supernatants
are harvested from transiently transfected cultures of producer
cells and then applied to HMEC cultures in the presence of Poly-
brene, a polycation that promotes virus binding to cell surfaces.
The titer of each virus stock is estimated by assaying reverse
transcriptase activity and then comparing this activity to that of a
[B-galactosidase-encoding virus of known titer. Using this system,
we have consistently obtained infection rates of greater than 60%
during a single round of infection in target HMEC. Even greater
infectivity can be obtained by using multiple rounds of infection.

5.6. Three-Dimensional Culture Assays

HMEC in vivo form a complex architectural arrangement that
includes cell-cell and cell-matrix interactions. Additionally, the
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polarized nature of HMEC in vivo may significantly affect their
biological properties and differentiated capabilities. Culture of
HMEC on plastic substrates does not support cell polarization and
thus may fail to give an accurate model of in vivo behavior. Ef-
forts to remedy this shortcoming have been attempted in a number
of laboratories, using a variety of coculture and extracellular ma-
trix extracts to model in vivo cellular microenvironments [Weaver
et al., 1997]. Notably, HMEC from reduction mammoplasties and
carcinomas behave very differently when cultured in the presence
of reconstituted basement membrane; the former ceasing growth
and forming polarized structures and the latter continuing to pro-
liferate in a disorganized manner [Petersen et al., 1992]. We have
used growth of HMEC on Matrigel, an extracellular matrix ma-
terial obtained from the Engelbreth-Holm-Swarm transplantable
tumor, to produce three-dimensional epithelial cell structures in
culture with polarized secretion [Stampfer and Yaswen, 1992; un-
published data]. The procedure we have used for growth on
Matrigel is given below [Petersen et al., 1992].

Protocol 4.10. Growth of Human Mammary Epithelial
Cells in Matrigel

Reagents and Materials

U Reagents for subculture (see Protocols 4.6 and 4.7)

U PolyHEMA-coated dishes: Prepare PolyHEMA-coated dishes
or wells in advance. Coat each dish or well with PolyHEMA
(Sigma) dissolved at 12 mg/ml (0.8 mg/cm’ final concentra-
tion) in 95% ethanol and air dry at 37°C overnight

Protocol

(a) Trypsinize adherent cultures, centrifuge, and count cells ac-
cording to standard protocol (see Protocols 4.6 and 4.7).

(b) Aliquot cells into separate |5-ml tubes, centrifuge, aspirate
supernatants, and place cell pellets on ice.

(c) Resuspend cell pellets in ice-cold Matrigel at 1.0 X 10° cells/
1.2 ml Matrigel/35-mm dish using a cold pipette.

(d) Distribute cells in Matrigel to PolyHEMA-coated dishes or
plates.

(e) Incubate | h at 37°C to allow the Matrigel to solidify.

() Add 2 ml of medium per 35-mm dish gently to top of solid-
ified Matrigel.

(g) Change medium every 2—3 days.
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APPENDIX A: STOCK SOLUTIONS FOR MCDB 170

Preparation of Basal MCDB 170

Basal MCDB 170 medium can be purchased from Clonetics/
BioWhittaker or made from stock solutions according to the fol-
lowing instructions. See table in this Appendix for information
about stocks.

To make 1 liter of medium:

(1)
(i)
(iii)

@iv)

v)

(vi)
(vii)
(viii)

(ix)

(x)

Dissolve 7.149 g of HEPES (free acid) in 600 ml of UPW.
Add 1.0 ml of stock A (3.3 mM phenol red).

Adjust pH near 7.0 (yellowish orange) with stock B (4 N
NaOH). This will require approximately 3.0 ml; do not
overshoot 7.4 or medium will become hypertonic.

Add 10 ml each of stocks C (100X amino acids), D (100X
vitamins), E (0.2 M glutamine), F (0.1 M Na pyruvate),
G (7 mM cysteine), H (alanine, aspartate, glutamate, and
glycine, all 10 mM), and I (bases, lipoic acid, and myo-
inositol). (see Appendix B.)

Add as solids:

Glucose 1441 ¢
KCl1 0.1864 g
NaCl 7.014 ¢
KH,PO, 0.06805 g

Stir until dissolved.

Adjust the volume to approximately 950 ml with UPW.
Add enough stock B to adjust the pH precisely to 7.40.
Adjust the volume to 967 ml. The osmolality should be
300 = 5 mOsm/kg.

Store frozen at —20°C until use. The medium can be
kept for up to 6 months frozen without loss of growth-
promoting ability.

Just before use, add the following with continued stirring:

stock J 5 ml
stocks K; and K, 5 ml each
stock L 10 ml
stock M 10 ml

Sterilize by membrane filtration (0.22 um). If stored at 4°C
in the dark this medium can be used for 2—3 wk. Do not
refreeze the medium after final completion with Stocks J
through M or insoluble precipitates will be formed.
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Composition of MCDB 170 Stock Solutions

Molecular
Stock Components Source' | Weight Concentration in Stock
g/L Moles/L

A (1000X) |Phenol Red (sodium salt) |S 376.36 1.242 3.3 X 10°°

Store indefinitely at room temperature.

B Sodium Hydroxide A | 4001 160.04 4.0

Store indefinitely at room temperature in tightly closed plastic bottle.

C (100X) |L-Arginine-HCl S 210.7 6.321 3.0 X 107°
L-Asparagine - H,O S 150.1 15.01 1.0 X 107"
Choline chloride S 139.6 1.396 1.0 X 107°
L-Histidine - HC1- H,O S 209.7 2.097 1.0 X 1072
L-Isoleucine (allo-free) S 131.2 1.312 1.0 X 1072
L-Leucine S 131.2 3.936 3.0 X 107°
L-Lysine - HCI S 182.7 3.654 2.0 X 1072
L-Methionine S 149.2 0.4476 3.0 X 10°°
L-Phenylalanine S 165.2 0.4956 3.0 X 10°°?
L-Proline S 115.1 0.5755 50 X% 1077
L-Serine S 105.1 3.153 3.0 X 1072
L-Threonine S 119.1 3.573 3.0 X 107°
L-Tryptophan S 204.2 0.6126 3.0 X 10°°
L-Tyrosine S 181.2 0.9060 50 %X 1077
L-Valine S 117.2 3.516 3.0 X 107?

Stock C is prepared by dissolving the constituents in water with vigorous mechanical stirring
plus mild heating as needed. Do not boil. It can be stored indefinitely in the dark at —20°C, or,
if sterilized, it can be stored at 4°C for up to 2 months. Gentle heating and stirring may be
required to redissolve some of its components before use.

D (100X) |d-Biotin S 244.3 0.0007329 3.0 X 10°°
Folinic acid (Ca®* salt) S 601.6 0.0006016 |1.0 X 10°°
Niacinamide S 122.1 0.6105 50 %X 107°
Pantothenic acid (hemi- S 238.3 0.02383 1.0x 107"
calcium salt)
Pyridoxine - HC1 S 205.6 0.006168 3.0 X 107°
Thiamine - HC1 S 337.3 0.03373 1.0 X 107*
Vitamin B, S 1355.4 0.01355 1.0 X 107°

Because of the very small amounts involved, biotin and folinic acid are normally added to
Stock D from more concentrated stock solutions. Concentrations of pantothenic acid are

expressed in terms of the molar concentration of the vitamin. A formula weight based on one
molecule of pantothenic acid plus one half atom of calcium has been used as the molecular
weight. Stock D is stored in the dark at —20°C until used.

Appendix A continues
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Composition of MCDB 170 Stock Solutions (continued)

Molecular

Stock Components Source' | Weight Concentration in Stock

g/L Moles/L
E (100X) |L-Glutamine S 146.1 29.22 2.0 X 107"
Stock E is stored in the dark at —20°C until used.
F (100X) | Sodium pyruvate s | 1100 | 110 [1x 107"
Stock F is stored in the dark at —20°C until used.
G (100x) |L-Cysteine-HCI-H,0 s | 1756 | 1229 [7 % 10

Stock G is usually prepared fresh each media prep because of the lability of cysteine in solution
and the extremely narrow optimal range. It can be stored at —20°C in the dark until use, but
caution must be taken to ensure that there is no precipitate.

H (100X) L-Alanine S 89.09 0.8909 1.0 X 1072
L-Aspartic acid S 133.1 1.331 1.0 X 1072
L-Glutamic acid S 147.1 1.471 1.0 X 107°
Glycine s 75.07 0.7507 1.0 X 102

Aspartic and glutamic acids are added to slightly less than the final volume of water. One ml
per liter of Stock A (phenol red) is added, and Stock B (4 N NaOH) is added with stirring just
rapidly enough to keep the solution neutral (orange). When no solids remain and a stable
orange color is achieved, alanine and glycine are dissolved and water is added to the final
volume. If sterilized, Stock H can be stored in the dark at 4°C until use or it can be stored
frozen at —20°C indefinitely.

I (100X) Adenine S 135.1 0.0135 1.0 X 107*
myo-Inositol S 180.2 1.802 1.0 X 1072
Lipoic acid S 206.3 0.0002063 1.0 X 10°°
Thymidine S 242.2 0.007266 3.0 X 107
Putrescine - 2HCI S 161.1 0.00001611 |{1.0 X 107’

Adenine is dissolved in one-half the final volume with the addition of 0.3 ml of Stock B per
500 ml plus gentle warming. Lipoic acid is added from a more concentrated stock solution
prepared by dissolving the solid in a few drops of Stock B followed by dilution with water.
Putrescine is also added from a concentrated stock solution. myo-Inositol and thymidine are
dissolved in the final solution after it has been adjusted to volume by the addition of water. The
solution is left alkaline and is stored in the dark at —20°C until use.

1(200x) |CaCl,-2H,0 A | 14702 | 5881 [40 x 10

Stock J is stored at room temperature sterilized until use and added only just before the medium
is to be used. The CaCl, will precipitate if frozen. When added to the medium it is added
slowly dropwise to a vigorously stirred solution.

K, (200x) |MgSO,-7H.0 (A1 [ 24638 | 7301 3.0 x 10

Stock K, is stored at room temperature sterilized until use and is added only on final
completion of the medium. Do not refreeze the medium after its addition.

K, (200%) lFeSO4'7H20 ‘J | 278.02 | 0.2780 |1.0>< 107

Appendix A continues
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Composition of MCDB 170 Stock Solutions (continued)

Molecular
Stock Components Source' | Weight Concentration in Stock

g/L Moles/L

One drop of concentrated HCI is added per liter. Solution K, is stored sterile at room
temperature. It must be discarded if it contains a precipitate or becomes orange-colored. A
yellow coloration to the filter used to sterilize the medium may indicate that the solution needs
to be remade.

L (100X) CuSO,5H,0 J 249.68 0.00002497 1.0 X 1077
H,SeO, J 128.98 0.0003869 3.0 X 10°°
MnSO, - 5H,0 J 241.08 0.00001205 50 x 10°°
Na,SiO; - 9H,0 F 284.2 0.01421 50 X 10°°
(NH,)sMo,0,,.4H,0 J 1235.89 0.0001236 1.0 X 1077
NH,VO, J 116.99 0.00005850 |5.0 X 107’
NiCl, - 6H,O J 237.70 0.0000001189 {5.0 X 107"
SnCl, - 2H,O J 225.63 0.0000001128 [5.0 X 107"
ZnSO,7H,0 J 287.54 0.002875 50 X 10°°

Because of the small amounts involved, Stock L is normally prepared from a series of more
concentrated solutions, each containing one of the components at 1.0 X 107* M. The stock of
stannous chloride is prepared at 1.0 X 10* M in 0.02 N HCI to minimize precipitation on
standing. Stock L is stored at room temperature sterilized at an acidic pH (1 drop of
concentrated HCI added per liter).

M (100X) | Riboflavin \s | 376.4 0.01129 3.0 X 107

Stock M is stored in the dark at —20°C until use. Small aliquots are made so that the solution
is not thawed more than 5X.

Concentration in
Final Medium
Components Added Directly to Medium g/L mol/L

D-Glucose B 180.16 1.441 8.0 X 107°
HEPES (free acid) R 238.30 7.149 3.0 X 10°?
KCl A, J 74.55 0.1864 2.5 X 10°°
NaCl A J 58.45 7.014 1.2 X 107"
KH,PO, B 136.09 0.06805 50 x 107"

'Sources of chemicals: “Alfa Inorganics, Ventron Corp., Danvers, MA (ultrapure grade), BBaker Chem. Co.,
Phillipsburg, NJ (Ultrex), FFisher Scientific, Pittsburgh, PA, SGIBCO, Grand Island, NY, ' Johnson Matthey Co.,
London, England (obtained through Jarrell Ash Division, Fisher Scientific Co., Waltham, MA), SSigma Chemical
Co., St. Louis, MO, ®Research Organics Inc., Cleveland, OH
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APPENDIX B: SOURCES OF MATERIALS

Materials'

Supplier

Bovine pituitary extract (BPE)

Hammond Cell Technology or
Clonetics

Calcium chloride, dihydrate

Mallinckrodt, VWR

Cholera toxin

Sigma

Collagenase type 1

Sigma

Cytofectin GSV

Glen Research

Dimethyl sulfoxide

J.J. Baker

Dulbecco’s modified Eagle’s
medium (DME) 50% and Ham’s
F12 50% (H/H)

Life Technologies (GIBCO BRL),
Irvine Scientific

EDTA

Sigma

EGTA

Sigma

Epidermal growth factor (EGF)

Collaborative Research, Upstate
Biotechnology

B-Estradiol Sigma
Ethanolamine Sigma
Ferrous sulfate J.J. Baker

Fetal bovine (calf) serum

ICN, Life Technologies (GIBCO
BRL), Hyclone

Fungizone Squibb

Glucose Mallinckrodt, VWR

Glycerol Mallinckrodt, VWR

Ham’s F12 Life Technologies (GIBCO BRL)
HEPES Life Technologies (GIBCO BRL)

Human serum (HuS) Australian
antigen negative)

Outdated serum from blood banks

Hyaluronidase

Sigma

Hydrochloric acid

Mallinckrodt, VWR

Hydrocortisone Sigma
Insulin Sigma
Isoproterenol hydrochloride Sigma
L-Glutamine Sigma

Magnesium sulfate

Mallinckrodt, VWR

Matrigel

Becton Dickinson

MCDB-170 and stocks

Clonetics/BioWhittaker or UCSF
Cell Culture Facility

Appendix B continues

Stampfer, Yaswen, and Taylor-Papadimitriou




APPENDIX B: SOURCES OF MATERIALS (continued)

Materials'

Supplier

Pancreatin

Life Technologies (GIBCO BRL)

Penicillin-streptomycin

Life Technologies (GIBCO BRL)

Petri dishes

VWR, Corning, Nunc, GIBCO

Phenol Red Sigma
Phosphoethanolamine Sigma
Poly HEMA Sigma

Polymyxin B

Life Technologies (GIBCO BRL)

Potassium chloride

Mallinckrodt, VWR

Potassium phosphate, monobasic

Mallinckrodt, VWR

Riboflavin

Sigma

RPMI 1640

Life Technologies (GIBCO BRL)

Sodium chloride

Mallinckrodt, VWR

Sodium phosphate, dibasic
heptahydrate

Mallinckrodt, VWR

Sterile universals or 15 to 50-ml
centrifuge tubes

VWR, Sterilin, Corning

Transferrin

Sigma

Tris base

Sigma

Trypsin, STE

Life Technologies (GIBCO BRL)

Tube rotator

New Brunswick Scientific

'All reagents should be highest purity or ““tissue culture” grade.
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I. INTRODUCTION

The physiologic and pathologic conditions that affect the uter-
ine cervix are of considerable contemporary interest. In particular,
the recognition of the role of genital human papillomaviruses
(HPVs) as the etiologic agent in cervical carcinoma has focused
attention on the biology of cervical and vaginal epithelium. This
chapter documents the protocols that have proved successful in
our laboratory for monolayer and organotypic in vitro growth both
of normal and neoplastic epithelium and for HPV-induced im-
mortalization of primary cervical keratinocytes.

I.1. Anatomy and Histology of Uterine Cervix

The cervix is the lower part of the uterus that projects through
the anterior wall of the vagina at the vaginal vault. The vagina is
connected to the uterine cavity via the endocervical canal, which
is continuous with the uterine cavity at the internal os and the
vagina at the external os. The anterior and posterior lips of the
ectocervix (the vaginal cervix) are covered by a stratified squa-
mous epithelium similar to that of the vagina. The major cell
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component of this epithelium is the keratinocyte. Histologically
this epithelium consists of five cell layers [Fluhmann, 1961]:

(i) Basal layer of small, cylindrical cells with relatively large
nuclei.

(ii) Parabasal layer of polyhedral cells with prominent nuclei
and distinct intercellular bridges.

(iii) Intermediate layer of slightly flattened cells with a glycogen-
rich cytoplasm and frequent vacuolation.

(iv) A layer of variable thickness with closely packed polyhedral
cells with keratohyaline granules.

(v) Superficial layer of large, flattened squames with small,
dense pyknotic nuclei. This layer varies in thickness with
estrogen status.

(vi) Mitotic figures are confined to the basal and first and second
layers of parabasal cells. Intracellular glycogen accumulates
as differentiation proceeds (Schiller, 1929].

The endocervical canal is lined by columnar epithelium com-
posed of tall, cylindrical mucus-secreting cells with a character-
istic picket fence appearance. These cells are interspersed with
scattered ciliated cells. Situated between the columnar cells and
the basement membrane are small, triangular subcolumnar cells.
This epithelium lines both the surface and the glands of the en-
docervix, although the latter are in fact a complex system of clefts
and pits rather than true racemose glands [Fluhmann, 1961].

The transition between the stratified ectocervical epithelium and
the columnar endocervical epithelium is at the squamocolumnar
junction. This junction can be abrupt but is more frequently ob-
served as a gradual transition. The transitional area is a region of
cellular instability and at certain critical periods (late fetal, me-
narche, and first pregnancy) cells at the junction undergo squa-
mous metaplasia. In this process, the original simple epithelium
of the endocervix is replaced by squamous epithelium. The area
in which this process occurs and in which metaplastic epithelium
is found is described as the transformation zone [Singer and Jor-
dan, 1976].

The natural history of invasive cervical carcinoma has been
well documented. It is preceded by histologically distinct intra-
epithelial lesions that form part of a spectrum of epithelial atypia.
In Europe the lesions in this spectrum are described as cervical
intraepithelial neoplasms (CIN) and are classified in three grades:
CIN 1-mild, CIN 2—moderate, and CIN 3—severe. In the US the
Bethesda classification recognizes two groups of squamous in-
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traepithelial lesions (SIL): low grade (LGSIL) and high grade
(HGSIL) [Richart and Wright, 1991]. It is clear from epidemio-
logical studies that infection with the high-risk HPV types, 16,
18, 31, 33, 45, and their relatives, is the major risk factor for
cervical cancer and the cause of SIL [Liaw et al., 1999]. Meta-
plasia is classified with other epithelial changes such as basal cell
hyperplasia that are not regarded as having significant metaplastic
potential. However, the majority of early neoplastic cervical le-
sions are found in or around the transformation zone at the ex-
ternal os, and the general view is that neoplastic change occurs
as a result of persistent infection of metaplastic epithelium with
high-risk genital HPVs [IARC Monographs on the Evaluation of
Carcinogen Risks to Humans, 1996].

1.2. Cervical Epithelium In Vitro—Historical Review

1.2.1. Ectocervix

Culture techniques for ectocervix should result in the following:

(i) Production of pure cultures of cervical keratinocytes with-
out contamination with other cell types.

(i1) Serial cultivation. Cultures of normal cervical keratinocytes
should have an in vitro life span comparable to that
achieved for diploid fibroblasts and other cell types.

(iii) Single cell cloning.

(iv) Modulation of the differentiated phenotype in vitro.

Until 1975, when Rheinwald and Green [Rheinwald and Green,
1975] in a seminal publication demonstrated serial cultivation of
neonatal foreskin keratinocytes, none of these objectives had been
achieved for keratinocytes from any surface. Before this, cultures
were initiated by explantation of epithelial fragments [reviewed
in Wilbanks and Fink, 1976]. Sheets of epithelial cells were reg-
ularly obtained, but serial cultivation was rarely successful; pas-
saged primary keratinocytes attached poorly and senesced rapidly
in secondary culture, and the cultures rapidly became dominated
by fibroblasts. The lack of success in serial culture of normal
epithelium was paralleled by attempts to grow neoplastic keratin-
ocytes from either SIL or carcinoma. Although permanent cell
lines from cervical carcinomas were established, including what
became probably the most widely used cell line in biology, HeLa
[Gey et al., 1952], no authentic permanent line was established
from SIL until the W12 line [Stanley et al., 1989] and the CIN
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612 line [Bedell et al., 1991], both of which were derived from
LGSIL. The same technical problems encountered in the culture
of normal epithelial were found with neoplastic keratinocytes plus
the added complication of cellular heterogeneity in the biopsy
from which the line originated. This emphasized the need for cell-
specific or differentiation-specific markers other than morphology
to establish the identity of cultured cells and for techniques that
would allow the expression of the differentiated phenotype in
vitro.

Central to the Rheinwald and Green technology was provision
of connective tissue factors by an irradiated mouse feeder cell
layer. In later work, the requirement for epidermal growth factor
[Rheinwald and Green, 1977] and cholera toxin [Green, 1978] in
deferring differentiation and enhancing colony plating efficiency
was described and a rational basis for keratinocyte culture was
achieved. Through this approach it was shown that ectocervical
keratinocytes could be serially cultivated [Stanley and Parkinson,
1979] and that the growth requirements for these cells were sim-
ilar but not identical to those of epidermal keratinocytes [Stanley
and Dahlenburg, 1984].

Ham and co-workers used an alternative approach to keratino-
cyte culture that concentrated on the development of keratinocyte-
specific defined media [Peehl and Ham, 1980; Tsao et al., 1982].
This culminated in the development of MCDB 153 [Boyce and
Ham, 1986], a low-calcium defined medium supplemented with
bovine-specific pituitary extract that supported the initiation of pri-
mary cultures and serial passage of human foreskin keratinocytes
in the absence of serum and feeder cells.

Keratinocytes grown as monolayers do not undergo complete
differentiation in vitro, although limited stratification is achieved
using the feeder technique. Fusenig and his collaborators [Fusenig
et al., 1978] (see Chapter 2) described a technique whereby en-
hanced tissue organization of stratified squamous epithelium was
achieved when keratinocytes were cultivated on collagenous sub-
strates and grown at the air-liquid interface. This technology was
developed and refined by several investigators [Lillie et al., 1980;
Asselineau et al., 1986; Kopan et al., 1987], and organotypic or
“raft” cultures are widely used.

1.2.2. Endocervix

There are few reports detailing the successful in vitro growth
of endocervical cells. Vesterinen and colleagues [ Vesterinen et al.,
1975] described outgrowth of cells from explants of endocervix,
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but these senesced within 10—12 days of culture. These cells grew
as a single layer with no stratification [Kusanagi et al., 1980] and
were ultrastructurally distinct from ectocervical keratinocytes
[Alitalo et al., 1982]. Successful serial cultivation of endocervical
cells using the feeder support system has been achieved [Dixon
and Stanley, 1984].

2. PREPARATION OF REAGENTS AND MEDIA
2.1. Media and Sera

2.1.1. Transport Medium

Dulbecco’s modification of Eagle’s medium (DMEM) supple-
mented with:

Fetal bovine serum (FBS) 10%
Gentamicin sulfate 100 wg/ml
Amphotericin B 10 pg/ml

Aliquot in 10-ml lots and store at —20°C.

2.1.2. Keratinocyte Culture Medium (Complete Medium)
DMEM supplemented with:

FBS 10%
Hydrocortisone 05 ug/ml 1.4 X 10°°M
Cholera toxin 84ng/ml 1X107""M

Store at 4°C for up to 3 wk.

2.1.3. 3T3 Culture Medium
DMEM supplemented with 10% newborn calf serum (NCS).

Store at 4°C for up to 3 wk.

2.1.4. Serum-Free Keratinocyte Growth Medium (KGM)

MCDB 153 (see supplier’s instructions for preparation and
storage).

2.1.5. Raft Medium
DMEM:Ham’s F12 medium, 3:1, supplemented with:
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FBS 10%

Cholera toxin 84ng/ml 1X107""M
Insulin 5 pg/ml 9 X 10’ M

apo-Transferrin 5 pg/ml 6.4 X 10°°M
Hydrocortisone 0.4 ug/ml 1.1 X 10°°M

Epidermal growth factor (EGF) 0.5 ug/ml 83 X 10°° M

Store at 4°C for up to 1 week.

2.1.6. E Medium
Mix KGM and raft medium, 50:50.

Make up as required and use within 7 days.

2.1.7. Fetal Bovine Serum

Not all batches of FBS have the same capacity to support
keratinocyte growth, and batches of FBS must be tested before
ordering. Most suppliers will supply small aliquots (20—100 ml)
of different batches for testing. When a suitable batch has been
identified, at least 12 months’ supply should be purchased and
stored at —20°C until required.

2.2. Salt Solutions and Disaggregating Agents

2.2.1. PBSA

g/l mM
KCl 0.20 2.68
KH,-PO, 0.20 1.47
NaCl 8.00 136.89
NazHPO4 ° 7H20 2. 16 8.06

Aliquot in 200-ml lots and sterilize by autoclaving.

Store at room temperature.

2.2.2. EDTA (Versene; Ethylenediamine Tetraacetic
Acid-Disodium Salt)

(i) Prepared as 3.4 mM stock (0.1% w/v) in PBSA.
(ii) Filter sterilize and aliquot in 2-ml Iots.
(iii) Store at room temperature.
(iv) Dilute 10X in PBSA before use.
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2.2.3. EDTA (as Free Acid, Anhydrous)
Prepared as 2.7 mM stock (0.1% w/v) in sterile UPW.
Filter sterilize and aliquot in 10-ml lots.

Store at room temperature.

2.2.4. Trypsin

(i) Prepare as stock 2.5% (25 mg/ml) in PBSA.
(ii) Check the pH, which should be 7.0.
(ii1) Filter sterilize.
(iv) Aliquot in 2-ml lots.
(v) Store at —20°C.
(vi) Dilute 10X before use.

2.2.5. Trypsin-EDTA

(i) Add to sterile PBSA:
Trypsin 0.25% (wlv)
EDTA 0.3 mM
(i1)) Adjust pH to pH 7.4
(iii) Store at 4°C for up to 1 week.

2.2.6. TE buffer pH 8.0

(i) Tris-HCI 10 mM
(i) EDTA 1 mM
(iii) Adjust pH to pH 8.0.
(iv) Filter sterilize.
(v) Aliquot in 10-ml lots and store at room temperature.

2.2.7. Reconstitution Buffer for Rafts

NaHCO; 26 mM (0.22% w/v)
NaOH 0.005 N
HEPES 2 mM

2.2.8. 10X reconstitution buffer

NaHCO; 0.26 M
NaOH 0.05 N
HEPES 20 mM

2.3. Medium Additives

2.3.1. Cholera Toxin (CT; mol wt 84,000)

(i) To make the master stock add 1.18 ml sterile UPW to 1 mg
powder in the vial to give 1 X 107> M solution.
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(ii) Store at 4°C.

(iii) As a working stock add 100 ul, 1 X 10> M, CT to 10 ml
DMEM/10% FBS to give 1 X 1077 M CT.

(iv) Filter sterilize and keep at 4°C.

(v) Dilute 1:17 (v/v) in medium/10% serum for use at a final
concentration of 6 X 107> M (0.5 ug/ml).

2.3.2. Hydrocortisone

Hydrocortisone is not soluble in water but will dissolve in 50%
ethanol/water (v/v).

(i) Dissolve 1 mg hydrocortisone in 1 ml sterile 50% ethanol.

(i) Aliquot into 100-ul lots in sterile Eppendorf tubes and store
at —20°C.

(ili) Use at a final concentration of 0.5 ug/ml (1.4 X 10~° M).

2.3.3. Epidermal Growth Factor

(i) To prepare add 1 ml sterile UPW to 100 ug powder in the
vial.

(i1) Aliquot in 100-ul lots and store at —20°C.

(iii) To prepare a working stock add 100 ul EGF (100 wg/ml)
to 10 ml DMEM/10% FBS to give 1 ug/ml.

(iv) Store at 4°C.

(v) Dilute 1:100 (v/v) for use at a concentration of 10 ng/ml
(~2 X 107° M).

2.3.4. Insulin

(i) To prepare a 1000X stock solution add 20 ml sterile UPW
to the 100 mg powder in the vial to give 5 mg/ml.
(i1) Incubate overnight at 4°C to allow it to go into solution.
(iii) Aliquot 1.6 ml in sterile cryovials and store at —20°C.
(iv) Dilute 1:1000 for use at a concentration of 5 ug/ml
(~9 X 1077 M).

2.3.5. apo-Transferrin
(i) To prepare a 1000X stock solution dissolve 100 mg in 20
ml sterile UPW.
(ii)) Aliquot in 1.6-ml lots in cryovials.
(iii) Store at —20°C.
(iv) Dilute 1:1000 for use at a final concentration of 5 ug/ml
(~6 X 107° M).
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2.3.6. Rat Tail Collagen

Store and use according to the manufacturer’s instructions.
2.4. Antibiotics

2.4.1. Geneticin Crystalline, Nonsterile (G418 sulfate)

Prepare a stock solution at 50 mg/ml in UPW, filter sterilize,
and store at 4°C.

2.4.2. Gentamicin

Sup