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SUMMARY

For the past 60 years, fundamental discoveries in eukaryotic biology using mammalian cell cultures
have been significant but modest relative to the enormous potential. Combined with advances in
technologies of cell and molecular biology, mammalian cell culture technology is becoming a major, if
not essential tool, for fundamental discovery in eukaryotic biology. Reconstruction of the milien for
cells has progressed from simple salt solutions supporting brief survival of tissues outside the body to
synthesis of the complete set of structurally defined nutrients, hormones and elements of the
extracellular matrix needed to reconstruct complex tissues from cells. The isolation of specific cell
types in completely defined environments reveals the true complexity of the mammalian cell and its
environment as a dynamic interactive physiological unit. Cell cultures provide the tool for detection and
dissection of the mechanism of action of cellular regulators and the genes that determine individual
aspects of cell behavior. The technology underpins advances in virology, somatic cell genetics,
endocrinology, carcinogenesis, toxicology, pharmacology, hematopoiesis and immunology, and is
becoming a major tool in developmental biology, complex tissue physiology and production of unique
mammalian cell-derived biologicals in industry.
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CELL CULTURE RESEARCH
Animal cell culture is rooted in two early concepts in
biology. Schleiden and Schwann (1,2) postulated the cell
as the fundamental unit of life and the possibility of its
autonomous existence. Claude Bernard’s concept (3) of
homeostasis and the constant internal milieu within
tissues presented a rationale and the stimulus to
undertake the culture of animal cells. Mammalian cell
culture research is a two-way study of the cell and its
environment, although each facet has been the subject of

empirical study without regard for the other.
Major goals of cell culture research are: (i) to isolate
specific mammalian cells that retain specific properties

*This article is the first of a series of invited reviews aimed at
identifying fundamental contributions and current challenges
associated with research activities in subdisciplines” of cell and
developmental biology in vitro. This treatise is dedicated to Dr. Brian
Kimes, Program Director at the National Cancer Institute, whose
vision, encouragement and support have contributed significantly to
modern developments in mammalian cell culture.

observed in vivo; (ii) to characterize and determine
mechanism of action of the environmental factors that
directly affect cell behavior; (iii) to reconstruct the cell
and its environment into a defined, experimentally
manageable unit for study of determinants of responses
and properties of cells in a dynamic context; and (iv) to
reconstruct cells and their environment into tissues and
organs.

Classical cell culture technology is carried out in
nutrient mixtures supplemented with a biological fluid,
most commonly serum. Culture of tissue cells usually
involves a monolayer of cells attached to hydrophilic
surfaces. The technology evolved from application of
microbiological methods to isolate, grow and observe
cells from embryonic or connective tissues in fluids from
the embryo or wounds (4-6). Primary cultures are
cultures prepared directly from tissue. Serial cultures are
prepared by serial harvest, transfer and dilution of cells
from primary cultures or stocks of cells stored under
cryoprotective conditions. Technical innovations re-
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quired to observe living cells, to sterilize cell culture
reagents, and to maximize the number of cells that can be
grown in a minimum amount of medium have emerged
from diverse research efforts, but the collective technical
and conceptual contributions of George and Margaret
Gey are worthy of special note (7-12). The Geys were
the first to demonstrate the growth effects of a hor-
mone (insulin) (7), that extracellular matrix com-
ponents (collagen) enhance cell attachment (12), and
the production of a hormone (gonadotropin) by cells in
culture (10). The Geys established the first and most
widely used model human tumor cell line (HeLa) (11).
Acquiring the capacity for proliferation indefinitely in
culture, a major advantage to the experimenter, is a
rare event for normal tissue cells from most species
except rodents (13-15). Cultured cells, and cell lines in
particular, bear the caveat that they rarely exhibit the full
spectrum of properties exhibited by normal tissue cells.
Skepticism about the fidelity of individual cell cultures to
cells in tissues is intrinsic to the design of hypotheses to
be tested. The homogeneity, reproducibility and amount
of material offered by cell cultures and individual cell
lines in particular, when properly applied as a basic
research tool, has yielded basic and generally significant
discoveries to eukaryotic biology to neutralize skepticism
about fidelity to tissue of origin (Table 1). Although
specific cell culture conditions and some properties of
specific cultured cells may be artificial, basic mecha-
nisms revealed by study of selected aspects of cultured
cells can rarely be challenged as artifact that have no
physiological basis.

Defined cell culture environments. The development of
a defined cell culture environment commonly referred to
as ‘“‘serum-free, defined medium” or ‘“hormonally-
defined medium” is a long-term goal of the cell culturist
(31,39-48). Successful applications have largely evolved
by synthesis of the most current advances in isolation
and characterization of individual nutrients, hormones/
growth factors, and elements of the extracellular matrix
from tissues and fluids into a ‘eomplete medium that
minimizes or eliminates the requirement for serum or

TABLE 1
EXAMPLES OF DISCOVERIES USING CULTURED
MAMMALIAN CELL LINES

Discovery References
Macromolecule processing 16-20
Mechanism actinomycin D 21
Human karyotype 22-26
Fluidity of membrane antigens 27
Viral transformation 28-30
Polypeptide growth factors 31,32
Lymphokines/ interleukins/cytokines 33-38
Complex cellular endocrine physiology

revealed through defined media 31,39-48
Retrovirology 49
Hybridomas 50
Somatic basis of immune gene diversity 51
Tyrosine kinases 52

Oncogenes/ proto-oncogenes

other undefined biological fluids and extracts (39-48).
Despite advances in high performance purification and
analytical methods, direct approaches to isolate and
characterize all the active principles in serum or
alternative biological fluids using a specific cell culture
response as an assay have largely been defeated by the
low concentration and multiplicity of bioactive compo-
nents in crude biological fluids and the endogenous
production of similar factors by cells. The analytical
approach has been most effective when the number of
active factors in undefined additives can be reduced by
the synthetic or replacement approach to one or a few
factors on which the cell culture is dependent.
Development of a completely defined environment for
normal prostate epithelial cells is an example of
systematic application of a combined synthetic and
analytical approach (56-59). First, a semi-automated
replicate growth assay was established and libraries of
defined growth promoters (nutrients, hormones/growth
factors, matrix factors), undefined tissue extracts, and the
medium of diverse cultured cells were screened for
stimulation in medium containing growth-limiting levels
of serum (56). Neural extract (hypothalamus, pituitary,
spinal cord) was found to be the most active tissue extract
or fluid. Second, the nutrient medium was optimized to
reduce requirement for serum and neural extract to a
minimum (56). Third, the screening of defined hormones
and growth factors resulted in synthesis of a mixture
which eliminated the serum requirement and minimized
the requirement for neural extract (56). The active factor
from neural extract, a polypeptide in this case, was
isolated and utilized to replace crude neural extract and
to complete the synthesis of the defined medium (58,59).
Robust and exhaustive methods employing combina-
tions of the synthetic and analytical approach to
development of defined cell culture environments have
been applied to a wide variety of cell types and
applications and have led to several generalizations
(40-48,60-66): (i) many cell types require a quantitatively
balanced set of common nutrients and cell-type specific
nutrients (60-63); (ii) cells are dependent on multiple
hormones and elements of extracellular matrix that act
synergistically to regulate both growth and expression of
function (40-48,64-66); (iii) many cell regulators, both
soluble factors (40-48,63,67) and fixed components of
the extracellular matrix (64-66), are produced by cells in
the local cell and tissue environment; (iv) most cells
respond to insulin (or insulin-like factors), the iron-
transferrin complex, and one or more lipids complexed to
a suitable carrier, such as fatty acids/albumin or natural
lipoproteins (41-48); (v) most mesenchymal cells (except
endothelial) respond to platelet-derived growth factor
(PDGF) or a related factor (68,69); (vi) many normal
epithelial cells respond to an agonist of cyclic AMP
metabolism such as cholera toxin (56,70,71); (vii) the
factors required for tumor cell growth and many
continuous cell lines are often a subset of requirements
for the normal cell counterpart (40-48,56-59); (viii) a
specific medium can select for cell type and stabilize
cell-specific mRNAs (72,73); (ix) serum and other crude
biological fluids and extracts contain inhibitors of
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tissue-specific cells (74,75) and are enriched in stimula-
tors of mesenchymal cell growth (68,69); and (x) an
individual hormone (74-78) or matrix factor (64-66) may
act as agonist or antagonist of cell growth or function
dependent on cell type and context of assay. Successful
application of the technique to support expression of
various properties of virtually any cell type capable of
expressing the property in vivo appears to be limited only
by (i) the large catalog of candidate factors that must be
systematically screened and synthesized into a complete
medium and, (ii) the identification, isolation and
chemical characterization of novel, wuncharacterized
factors from extracts of tissues, the fluids from the tissues
or from cultured cells that exhibit the desired cellular
properties.

Completely defined cell culture environments achieve
chemical definition, standardization, reproducibility and
investigator-control that 1is desireable for practical
applications. Defined medium can be rationally designed
to select for growth or function of specific cell types or
practically any individual aspect of cell behavior.

The concepts that have emerged by application of the
technique challenge views of the isolated mammalian cell
as a microorganism (79) and the classical endocrinologi-
cal concept of target cell regulation by one or a few
specific trophic hormones {31,40-48). The technique has
revealed the true complexity of the cell and its
environment as a dynamic interactive system or physiolog-
ical unit. The isolation of every animal cell type and
complete definition of its environment combined with
modern molecular biology promises to allow step-by-step
dissection of the mechanisms that determine mammalian
cell behavior in its dynamic physiological context and
eventual reconstruction of tissues and organisms.

Cell nutrition. Serum and other heterogenous biologi-
cal fluids contain nutrients that support the growth and
function of cultured cells. By using serum from which
low molecular weight components were removed by
dialysis, the requirement for the dietary nonessential
amino acid, glutamine was demonstrated (80). Empirically
designed mixtures, nutrients and other biochemicals made
available from the work of nutritionists and biochemists made
large contributions to characterization and replacement of the
nutritional role of serum and other biological fluids in cell
cultures (81-86). Eagle applied a systematic, biochemical
analysis of requirement and metabolism of nutrients in cell
cultures containing dialyzed serum (87,88). Variants of the
minimal mixture of salts, amino acids, vitamins and car-
bohydrates that emerged have been and are still widely em-
ployed and were the precursor to the more complete,
rigorously balanced, nutrient mixtures designed for specific
cell types and defined cell culture environments (60-63).

The development of the optimal nutritional environ-
ment for different cell types and applications is often
critical for characterization and synthesis of the complete
defined environment of specific cell types (60-63). These
activities have contributed basic findings and concepts
(61-63) such as (i) the requirement of human cells for
selenium and other trace nutrients (89); (ii) the
requirement of some cells for phospholipids and
ethanolamine (90-93); (iii) the individuality of the optimal

nutritive environment required by specific cells (91-93);
(iv) the informational content of specific nutrients (94); (v)
the regulation of cellular nutrient requirements and
metabolism by specific hormones (62,95,96); (vi) the role
of glutaminolysis in cell proliferation (97,98); and (vii) the
reduced nutrient requirements of tumor and transformed
cells (62,99).

Novel polypeptide hormones. The lack of response of
most cultured cells in serum and other biological fluids to
individual hormones elucidated by conventional animal
endocrinology was a major obstacle to application of cell
cultures to study physiological regulators and their
mechanism of action (31). The negative results were
interpreted as (i) a failure of conventional cell culture con-
ditions to support the target cell type and its responsiveness to
trophic hormones; and (ii) the presence of multiple bioactive
factors in serum or other biological fluids that masked
responsiveness to single hormones. Growth and other
phenotypic properties of cultured cells from endocrine target
tissues could not be supported by a single trophic hormone
(31,39-48). However, an array of partially- or chemically-
defined polypeptides from diverse fluids and organ extracts
stimulated cells when serum supplements were reduced or
depleted by specific treatments, This led to the realization that
cells required complexes of conventional hormones and novel
hormone-like polypeptides present in serum at low levels or
missing from serum altogether (31,40,41). Since the first
serum-free, hormonally-defined medium was synthesized from
structurally characterized hormones for a pituitary tumor cell
line (39), cell cultures, especially in serum-free media, have
become the tool for discovery (i) that some classical hormone
effects on growth in vivo are mediated by novel, direct-acting
polypeptides in serum and tissue extracts (100-103); (ii) that
the blood platelet is a rich source of hormones that are released
into serum during clotting (68,69,74,75); and (iii) that hor-
mone-like polypeptides originate and act directly on cells in
local tissues (32,67). Cell cultures have resulted in discovery,
classification, and characterization of biological activities and,
1o some extent, mechanisms of action of at least 10 families of
polypeptide hormones (32-38,68,69,74,75,101-106). These
polypeptide hormone-like regulators of cell behavior cluster
into families consisting of sometimes up to 7 gene products
(105) that have either similar biological effect, structural
homology, or homologous receptors.

Extracellular matrix. Until the late 1970’s, the extracel-
lular matrix, which is a mixture of collagens, non-
collagenous proteins, and carbohydrate-rich molecules
was considered a static, structural support for cells in
vivo. More recently, cell culture assays have revealed that
the matrix consists of distinct molecules that affect cell
behavior (64-66,107-111). Differentiated cells can be
induced to grow or locked in a state of growth arrest by
varying components of the extracellular matrix (64-66).
Although purified matrix components such as collagens,
adhesion glycoproteins (fibronectin, serum-spreading
factor/vitronectin, laminin, etc.) and proteoglycans
affect tissue-specific functions, the optimal responses
have been made with tissue extracts enriched in
extracellular matrix (112-115).

Study of the factors which mediate adhesion of
cultured cells to substrates has revealed that many
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molecules that mediate cell adhesion contain a common
cell recognition sequence (arginine-glycine-aspartate)
and are recognized by receptor-like molecules (integrins)
that span cell membranes (116,117)., The integrins are
thought to link extracellular matrix factors to the
cytoskeleton, and may generate signals similar to
receptors for soluble molecules that determine cell
behavior. Specific components of the extracellnlar matrix
also directly interact with and determine the activity and
stability of soluble polypeptide regulators such as
heparin-binding (fibroblast) growth factors whose direct
action is mediated by cell membrane-bound receptors
distinet from the extracellular matrix (105,106). Hor-
mone-like polypeptides modify the composition of the
extracellular matrix and the expression of matrix factor
receptor sites (118-121). A major challenge remains to
determine (i} which effects of extracellular matrix are
mediated by matrix-regulated polypeptide hormones; (i)
which effects are a direct consequence of - matrix
factor-receptor interaction; and (iii) what is the signal
generated by matrix factor-receptor interaction.

Cell cloning. Single cell (clonal) culture techniques
{122-127) are indispensable for isolation and selection of
pure populations of mutant cell lines, cell hybrids,
specific cell types direct from tissue (128-132), and
quantitative analysis of the actual nutritive and hormonal
requirements of cells without interference by cell-derived
products (60-63). Development of clonal culture methods,
considerably more challenging than development of
methods for cultures of higher density populations, has
revealed the extreme dependence of cell behavior on
composition of and the extent to which populations of
cells modify the microenvironment (60-63}. The cloning
of animal cells was first achieved by placing single mouse
fibroblasts in capillary tubes which were immersed in a
large volume of medium (133). The medium to cell ratio
(v/v) in the tube was sufficiently small so that cells could
modify the medium in the tube and then proliferate. Cells
that migrated into the larger culture vessel died unless the
medium from a mass culture of cells was added. The use
of medium from or co-culture with dense populations of
homologous or heterologous cell types (71,122) often
facilitates single cell culture until the principles of
defined cell culture environments can be rigorously
applied to support the isolated single cells.

Differentiated cells in culture. Ross Harrison, who
demonstrated the growth of nerve cell processes from
fragments of spinal ganglia embedded in clotted lymph in
1910 and who is credited with the first significant
application of tissue culture, used the technique to
answer a question about specific differentiated tissue
(134,135). For more than fifty years, cell cultures which
performed the specialized functions of differentiated
normal and tumor tissues were not forthcoming. Tissue
culture cell populations were thought to either be
descendants of tissue-specific cells which lost differenti-
ated properties in the process of multiplication in culture
or ubiquitous mesenchymal cell types (fibroblasts or
vascular cells) common to different tissues (136). Direct
cloning of cells from suspensions of disaggregated tissues
and primary cell cultures indicated the presence of cells
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F1G. 1. Transplantable, differentiated tumors consist of a few
differentiated parenchymal cells (squares/closed circles) with
sufficiently relaxed growth requirements to survive among the
abundant spindle-shaped fibroblast-like cells in classical
serum-containing primary cultures. Introduction of the cells
from primary culture back into the host gradually amplifies the
ratio of the immortal, highly tumorigenic, differentiated
parenchymal tumor cells to the mortal, non-tumorigenic
host-derived fibroblast-like cells (142-148).

whose tissue-specific functions could be manipulated
(128-132). However, efforts to grow, maintain and
manipulate function of mass cultures of differentiated
cells in sufficient quantity for biochemical analysis were
disappointing. The difficulty was overcome by a
systematic in vitro/in vivo method of establishing
differentiated cell cultures from well-differentiated
transplantable tumors (Fig. 1) or, in a few rare cases, by
differentiated cell lines that ‘arose spontaneously
(137-141). The technique has generated model functional
cell lines representative of differentiated cells from
neurons, adrenal cortex, glia, pituitary, interstitium,
melanocytes, chondrocytes, muscle, epidermis and other
tissues (142-148). The technique is applicable to
practically any tissue for which a differentiated trans-
plantable tumor model is available and where the need
for large quantities of reproducible, homogenous research
material offsets the limitations of the specific cell lines.
Application of the principles of defined cell culture
environments to isolation, selection and culture of cells
from differentiated tissues has revealed that composition
of the microenvironment (nutrients, hormones, extracellu-
lar matrix) is the key determinant of the relative kinetics
of growth and expression of function in populations of
cells from differentiated tissues (40-48,64-66). The
design of the cell culture environment to manipulate
growth and expression of function of tissue-specific cells
is determined by the type of tissues that are the object of
study. The relatively undifferentiated proliferative
(*stem”) cells from constantly regenerating tissues such
as skin, bone marrow, and intestine can be maintained
for = sustained periods before terminal differentiation
occurs concurrent’ with loss of cell viability and growth
potential {64-66). The challenge has been to determine
the factors that both delay, direct and promote different
lineages of cells toward terminal differentiation. The
predominant functional cell types from tissues such as
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liver, lung, pancreas, kidney and mammary gland can be
maintained for months and undergo limited cell divisions
(64-66). The. challenge for these type of tissues is to
synthesize conditions required to select for and sustain
the proliferative cell populations and determine whether
they arise from the fully differentiated tissue cells or
from minor populations of undifferentiated ‘“‘stem’ cells
or both. Defined environments that support pure
proliferative populations of epithelial cells from tissues
such as prostate (56-59) and mammary glands (149) have
been achieved. However, conditions that will support
cycling of synchronized cell populations between growth
and the fully functional state from tissues which are
normally quiescent, but have remarkable capacity to
proliferate under certain conditions in vivo, remains a
challenge. Additional challenges remain to identify
environments that maintain the fully functional state of
cells from tissues such as adult central nervous system
and muscle which are thought to be terminally
differentiated in the functional state and for which the
regenerative capacity in vivo appears limited.

DETECTION OF THE GENES THAT
DETERMINE CELL BEHAVIOR

In addition to growth requirements, individual charac-
teristics. of cells in culture such as morphology,
density-dependence, motility, adhesiveness, mortality/
immortality, and tumorigenicity in host animals can be
manipulated, selected for and quantitated in cultured
cells and correlated with the behavior of cells in vivo
during embryonic development, wound healing and
cancer (13-15,28-30,150-159). Modification of these
characteristics by transfer and expression in cultured cell
lines of RNA and DNA viruses, artificial constructions of
various genes linked to viral transcriptional/translational
promoters, and most recently, pieces of gemomic DNA
from tumors have resulted in remarkable insight into the
nature of the genes that affect individual aspects of cell
behavior (53-55). The term ‘‘oncogene” describes a gene
from a virus or tumor that, when introduced into and
expressed in certain cultured cell lines, induces one or
more of the individual behaviors associated with cancer
cells, most commonly reduced adhesiveness. A *‘proto-
oncogene” refers to a similar gene from normal cells
whose oncogenic counterpart probably arose by somatic
mutation.

The notion that hormone-like polypeptide regulators of
cultured cell behavior are legitimate cellular regulators in
vivo was solidified with the finding that some oncogenes
are altered or abnormally expressed growth factor/
receptor genes (53-55,160-163), and that some genes that
are activated by polypeptide growth factors (53-55,
164,165) are oncogenes/proto-oncogenes. In both cases,
constitutive expression of the oncogene/proto-oncogene
by-passes the requirement for exogenous growth factor.
The abnormal activation or over-expression of growth
factor genes and gene products that are elicited by growth
factors explains in part the common observation that the
growth requirement for serum, other biological fluids, or
specific polypeptides for cultured tumor-derived or

artificially transformed cells is reduced relative to their
normal or untransformed counterparts (40-48,67). Since
polypeptide growth factors are metabolized by cells (see
Endocrinology section), the findings also explain the
phenomena that normal cultured cell growth, unlike
transformed cells, is inversely proportional to cell
density (155,157,158). Assays that detect reduced adhe-
siveness of selected cell lines have generated a monumental list
of candidate oncogenes/proto-oncogenes, and resulted in
discovery of the epidermal growth factor (EGF) homolog,
transforming growth factor alpha {TGF-o) (166,167), and the
transforming growth factor beta (TGF-$) family of cellular
regulators (74,75). Elucidation of the mechanism of on-
cogene/ proto-oncogene-dependent alteration in cell
adhesiveness and other individual aspects of cultured cell
behavior remains a major challenge.

Cultured cells are the tool for identification of the genes
transiently or permanently activated by individual agents
in the local tissue environment (165,168,169) and the hosts
to test the phenotypic consequence of expression of
practically any cloned gene or piece of nucleic acid in
mammalian cells (49). As the technology for culture and
manipulation of growth and function of tissue-specific
cell types emerges, cultured cells promise to be the means
for characterization of the genes that regulate tissue-
specific functions and the process of differentiation.

CELL CULTURE AND TRADITIONAL DISCIPLINES
OF EUKARYOTIC BIOLOGY

Virology. Without cell culture, the major advances
resulting from study of eukaryotic viruses would not have
occurred (28-30,49,53-55). Development of suitable cell
cultures to routinely assay and reproduce the viral life
and pathogenic cycle of eukaryotic viruses such as
hepatitis, influenza and immunodeficiency virnses re-
mains a challenge.

Somatic cell genetics. The technique of somatic cell
fusion using cultured cells has revolutionized human
gene mapping. Cells of the same or different species fuse
either spontaneously or with the aid of a fusogen, such as
inactivated Sendai virus or polyethylene glycol, to form
heterokaryons and stable hybrid cells containing chro-
mosomes - from both parent cells (170-172). Interspecific
hybrid cells, generated from the fusion of rodent cells
with normal human diploid fibroblasts or lymphocytes,
rapidly lose human chromosomes. The random chromo-
some loss makes it possible to obtain hybrid cells that
retain one or more human chromosomes. Human x
rodent hybrid cell panels have been established and can
be used to map virtually any human gene, either by using
DNA probes that correspond to specific human genes or
by detection of the human gene product (173,174). Prior
to this advance, only a few human genes had been
mapped by conventional genetic linkage analysis.
Literally bundreds of genes have now been mapped using
a combination of somatic hybrid cell panels and in situ
hybridization. Human x rodent somatic cell hybrids are
inherently unstable. The human chromosomes are lost by
chromosomal nondisjunction during cell division or by
translocations which occur either between human
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chromosomes or between human and rodent chromo-
somes. Therefore, the somatic cell hybrid panels must be
regularly checked for cytogenetic confirmation of the
identity and integrity of the human chromosomes within
each clone.

The technique of microcell transfer was developed
whereby single human chromosomes could be introduced
into rodent cells (175,176). Microcells are cell-like
structures containing only one or a few chromosomes
surrounded by a nuclear membrane and some cytoplasm
and a plasma membrane. The difference between this
technique and whole cell fusion is that only one or a few
chromosomes are transferred via microcell fusion. As
with whole cell fusions, the transferred chromosome is
retained in the recipient cell in succeeding generations as
a complete structural unit. Transfer and selective
retention of individual specific human chromosomes has
been accomplished by integration of dominant selectable
markers into specific human chromosomes using DNA
transfection or retroviral infection, followed by transfer
of the chromosome containing the integrated marker
gene to recipient cells via microcell fusion (177,178). A
panel of microcell hybrid cell clones representing the
entire human karyotype is approaching completion (E.
Stanbridge, unpublished). Such a panel will facilitate
unequivocal mapping of human genes to their correct
chromosomal location and eventually provide a valuable
resource for mapping and sequencing of the entire
human genome.

Human somatic cell hybrids established the existence
of tumor suppression genes (179-185). There is now
mounting evidence that the multi-step progression from a
normal cell to a cancerous cell involves both the
activation of oncogenes and the loss of function of tumor
suppressor genes, the latter being facilitated in part by
chromosomal deletions (184-187). Restoration of deleted
genetic information in human cancer cells and subse-
quent suppression of tumor formation has been accom-
plished by microcell transfer of single specific human
chromosomes from normal cells into the cancer cells
(186,187). In addition to providing direct evidence for the
existence of genes which can suppress tumor formation,
the microcell transfer technigue allows one to pinpoint
the chromosome region in which the putative tumor
suppressor gene maps and to clone the gene(s) involved.

Early studies showed that fusion of a differentiated cell
with an undifferentiated cell often resulted in the
extinction of expression of genes involved in the control
of differentiation functions. However, there are excep-
tions and the relative ploidies of each parental genome in
somatic cell hybrids seem to be influential in determining
expression or extinction of genes critical for differentia-
ted funection {188-190). Expression of previously dormant
differentiation-specific genes in the undifferentiated
parent cell genome is occasionally seen in somatic cell
hybrids derived from the fusion between differentiated
and undifferentiated parental cells (191,192). The analy-
sis of regulation of tissue-specific gene expression using
such somatic cell hybrids is in its infancy. Monochromo-
some transfer technology also promises to play a role in
elucidation of this complex genetic interplay (193).

Endocrinology. Cell culture technology has contribu-
ted to endocrinology by (i) the development of hormone-
producing and hormone-responsive cell lines in sufficient
quantity for biochemical analysis (136,142-148); (ii) the
methodology for mass culture of tissue-specific cells
from normal endocrine tissue (40-48); and (iii) the
revelation that most cells secrete novel hormone-like
polypeptides that act directly on cells in the local tissue
environment in an autocrine or paracrine mode (31,
40-48, 67-69).

The biochemical mechanisms of polypeptide hormone
action have been largely established in cell culture.
Cohen’s work on epidermal growth factor (EGF)
pioneered the way to characterization of growth factor
receptor interactions at the plasma membrane, ligand-
dependent internalization and metabolism of receptors,
and the discovery that growth factor receptors have
ligand-activated  tyrosine-specific  kinase activity
(194-197). Investigators turn to cell culture for purifica-
tion and biochemical analysis of hormones and receptors,
especially those of the human species. The human
carcinoma cell line, A431, which produces a dramatic 3 X
10° molecules of EGF receptors per cell provided the
abundant starting material for purification and analysis
of this molecule (194-197). A human melanoma cell line
provided the 10° molecules per cell sufficient to raise
antibody to identify the human nerve growth factor
receptor (198), and a human T cell line served a similar
purpose for identification of the receptor for the T cell
activator, interleukin-2 (199). Cells cultivated in roller
bottles were wused to isolate sufficient platelet-derived
growth factor (PDGF) receptors for structural studies
(200). Specific cell lines secreted insulin-like growth
factor type two (IGF-2) (201-203) and the EGF homolog,
transforming growth factor alpha (TGF-o) (166,167), in
sufficient quantities for characterization.

Cultured cells are revealing the mechanism of synthesis
and metabolism of polypeptide hormones. The structure
of the mRNA for polypeptide regulators of cultured cell
behavior suggests that most are translated as precursors
that facilitate their secretion and access to external
membrane receptors. Precursor polypeptides to factors
such as epidermal growth factor (EGF) (204), transfor-
ming growth factor alpha (TGF-a) (205) and colony-
stimulating factor one (CSF-1) (206) appear to be inserted
and fixed into cell membranes prior to maturation of the
factor by proteolysis, The membrane-bound precursor
has a structure characteristic of transmembrane receptors
and appears to be mitogenically active on other cells
similar to mature factor (204,205). Transforming growth
factor beta (TGF-f) appears to be processed and activated
to mature form after secretion into the medium of cells
{207-210}). Heparin-binding (fibroblast} growth factors
one and two (HBGF-1/HBGF-2) and interleukin-1 (211)
are translated as mature polypeptides whose mechanism
of appearance in the external environment of cells
remains a question (105,106). Although they are secreted
from tissue cells, platelet-derived factors such as PDGF
and TGF-B are stored in the a-granules of platelets and
delivered at the site of platelet attachment and aggrega-
tion (68,69,74,75).
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Cultured cells will continue to be the means of
identifying new activities, and the source for purifica-
tion, characterization and cloning of new cellular
regulators and their receptors. The proximal signal
generated by polypeptide hormone receptors which have
no apparent enzyme activity such as nerve growth factor
(198,212), interleukin-1 (213), interleukin-6 (214), growth
hormone (215) and prolactin (216), remains to be
determined. Cell cultures for which the effectors of cell
behavior have been identified will continue to present the
experimental models to dissect out the cascade of events
and genes that are activated by the hormone-receptor
interaction (165,168,169, 194-197).

Metabolic pathways/enzymology. Mammalian cell lines
bearing mutations in whole or specific steps of diverse
metabolic pathways and advances in the culture of
tissue-specific cell types in defined environments offer
the biochemist sufficient material to discover and dissect
cell type-specific metabolic pathways and their regula-
tion. Cultured cells revealed the novel tyrosine kinase
class of enzymes (52). They also revealed that some
hormone receptors are allosterically-regulated enzymes,
whose regulatory and catalytic domains are normally
separated by the cell membrane, and whose loss of
allosteric regulation causes unregulated cell growth (52,
160-163, 194-197).

A major challenge to the biochemist is to show which of
the encyclopedic list of individual metabolic pathways
and products that correlate with specific behavior of
cultured cells actually causes the behavior.

Chemical carcinogenesis/toxicology/pharmacology.
Mammalian cell cultures, especially in defined environ-
ments, provide the means to study the proximal effect and
metabolism of carcinogens, toxins and drugs on specific
cell types. The mechanism of drug resistance and gene
amplification in vivo has been aided by studies of drug
resistance and response to heavy metal jons in cultured
cells (217,218).

Polycyclic aromatic hydrocarbons cause changes in
properties of cultured cells that correlate with tumor cells
in vivo {219). Major challenges remain to determine
whether the molecular mechanisms underlying chemical
alteration of isolated cell behavior can be unified with
those emerging from viral and direct DNA-mediated
transformation of cultured cells. Quantitative cell culture
assays have been described which may rival and at least
supplement the popular bacterial/microsomal Ames
genotoxic test (220) for quantitative analysis and
assessment of risk of environmental chemicals (221-224).
Considerable progress has been made in validating
mammalian cell culiures as supplemenis to animal
exposure-response tests, such as the popular LD530/ED50
parameter using rodent populations and the Draize rabbit
ocular irritation tests, for routine assessment of risk/
benefit ratio of consumer drugs and environmental
chemicals (221-224).

Plant diterpenes, especially 12-0-tetradecanoyl-
phorbol-13-acetate (TPA), are potent tumor-promoting
agents in vivo and mimic many changes in cultured cell
behavior that are characteristic of cancer cells in vivo
{226). In contrast to constitutive effects of viruses and

chemicals, the TPA effect is reversible and usually
induces a subset of the changes induced by viruses and
chemicals. The identification of protein kinase C (PKC)
as the receptor for TPA and the discovery that (i) some
polypeptide growth factors activate PKC; (ii) growth factor
receptors are targets of PKC activity; and (iii) a variety of
ligand/receptor interactions on the cell surface results in
production of diacylglycerol, the natural activator of PKC,
revealed a common metabolic pathway by which tumor
promoters and some growth factors may cause alterations in
cultured cell behavior (225,227). The challenge remains to
identify the substrates of PKC that caunse alterations in cell
behavior that is elicited by agents which activate the enzyme in
cultured cells.

Hematopoiesis and immunology. The technique of
clonal growth of hemopoietic progenitor cells in cultures
of splenic and bone marrow cells was the key to sorting
out hemopoietic cell lineages and the discovery of the
polypeptide hormones known as hemopoietic colony-
stimulating factors (CSF) (33,34) and lymphokines
{35-38). Myeloma cell lines and hybridoma techniques, a
result of cell fusion techniques, revolutionized immunol-
ogy and many aspects of other biological sciences (50).
The cloning of the immunoglobulin gene from myeloma
cells led to new concepts in molecular biology and proved
the somatic theory of generation of antibody diversity
(51). Isolation and cloning of T cell antigen receptors,
their mechanism of action and their relation to
histocompatibility antigens was a result of the develop-
ment of antigen-specific T cell lines and T cell
hybridomas (51,228,229). Cultured cells will continue to
play a major role in development of markers that define
sublineages of hemopoietic cells and the cellular and
molecular basis of specificity of the human response.

Developmental biology and embryology. Cell lines
derived from embryonic carcinomas (teratomas) have
provided stable and reproducible culture systems to
study the process of differentiation and have yielded
insight into the relationship between growth, malignancy
and differentiation (230-234). Cultured embryonic stem
cells bearing specific genetic mutations or artificially
introduced genes can be mixed with early embryos
{blastocysts) and upon implantation give rise to lines of
transgenic animals carrying the mutations (235-237).
Remarkable progress has occurred in maintenance and
manipulation of germ cells and of pre-implantation
embryos prior to implantation in animals and even
humans. However, a major challenge remains to develop
cell culture methods for step-by-step dissection of the
factors that control development of pre-implantation and
early post-implantation embryos.

Complex tssue physiology. Application of the general
principles of defined cell culture environments allows
dissection, prediction and reconstruction of the cellular
and molecular events that unfold within complex tissues
both in health and disease. Reservations about the utility
and validity of the technique continue to diminish as
application of the analytical methods and tools of protein
chemistry, recombinant molecular biology and immuno-
chemistry reveal which phenomena in cell culture
reflects similar phenomena in tissues.
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Vascular and liver tissue are leading prototypes of
tissues whose component cell types in a defined
environment are yielding considerable insight into
contribution of different cell types to the events that may
unfold in complex tissues upon transient or chronic
perturbation. Blood vessel repair appears to occur in
response to a network of polypeptide factors (77,238-242)
which originate from both blood cells (platelets and
monocytes) {68,69,74,75) and the endothelial cells (EC)
and smooth muscle cells (SMC) which compose the tissue
(238-245). Platelet-derived growth factor (PDGF) specifi-
cally promotes SMC growth with no effect on EC (77)
which have no receptor for PDGF (246). Both EC
(238-240) and SMC (243-245) synthesize and secrete
additional PDGF into the microenvironment. Platelet-
derived transforming growth factor beta (TGF-B) retards
EC proliferation, but augments SMC proliferation (77).
Both EC and SMC co-express both heparin-binding
(fibroblast) growth factors type one and two (HBGF-1 and
HBGF-2), but total HBGF expression is much higher in

SMC and is predominately HBGF-1 (238-240,247).
Monocyte-derived cytokines such as interleukin one
(IL-1) and tumor necrosis factor (TNF) indirectly

augment SMC proliferation by stimulation of PDGF
synthesis and secretion (248) and up-regulation of the
HBGF receptor in SMC, but dampen EC proliferation by
down-regulation of the HBGF receptor in EC (249).
Remodeling of the extracellular matrix by proteinases
and other enzymes (238-242) affects release, activity and
effective lifetime of the HBGF’s in the microenvironment
(105,106). Plasmin activity, most likely generated by
HBGF activation of plasminogen activator in EC
(106,241,242), selectively inactivates HBGF-1 (250} and
may be the activator of latent platelet-derived TGF-B
(208-210). Chronic activation of the network at certain
blood vessel sites may explain the failure of EC to
adequately regenerate and the SMC hyperplasia associa-
ted with atherosclerotic plaques (68,69,77,243-245).

The liver is composed of multiple cell types whose
remarkable capacity for regeneration and expression of
diverse genes are subject to manipulation, dissection and
reconstitution both in vivo and in vitro (251-255). Careful
study of the soluble and extracellular matrix factors
produced by liver cells during regeneration in vivo into
cultures of isolated hepatocytes are revealing that liver
parenchymal cell proliferation appears to occur in linear
steps from cells with large growth potential and reduced
expression of liver-specific genes toward cells with less
capacity for growth and higher levels of expression of
liver-specific genes (64-66,76,78). The sequence appears
to unfold by sequential expression of heparin-
binding(acidic fibroblast) growth factor type one (HBGF-
1), transforming growth factor alpha (TGF-«) and TGF-S.
HBGF-1 is first activated in parenchymal cells which
expands a proliferative population by an autocrine
mechanism that is relatively resistant to the parenchymal
cell growth inhibitor, TGF-f (78). The proliferative
population is further expanded by expression of
autocrine action of TGF-a (78,256). The magnitude of the
response to TGF-a is limited by TGF-8 by a paracrine
mechanism (77,256). Activation of TGF-f lags both

HBGF-1 and TGF-a after liver damage and occurs only in
non-parenchymal cells (77,256). TGF-a action induces a
low-affinity HBGF receptor phenotype in the parenchy-
mal cells whose occupancy may dampen the mitogenic
effect of HBGF (77) while TGF-B down-regulates the
high-affinity mitogenic HBGF receptor (M. Kan, W. L.
McKeehan, unpublished results). Specific elements of
extracellular matrix produced by liver cells during the
regeneration sequence modify responsiveness of cells to
soluble polypeptide factors, modify the activity and
lifetime of the heparin-binding (fibroblast}) growth
factors (64-66,76,77,105) in the local environment, and
modify the quantitative level of expression of specific
liver genes, apparently by effects on mRNA stability
(72,73). Discrete liver cell populations and lineages can be
defined and selected by expression of and responsiveness
to specific growth factors and elements of the extracellu-
lar matrix.

Isolation of lineages of parenchymal cells from liver
and other organs possessing large growth potential hold
promise for correction of organ-specific diseases by
insertional mutagenesis and transplantation of the
cultured cells (257-259). Therapeutic application of
cultured cells can involve seed stocks of cells with
adequate growth potential to develop into an organoid in
vivo (260) or construction of living tissue equivalents
suitable for direct transplant (261-264). Living tissue
equivalents that survive upon transplantation in animals
have been constructed from isolated cells that compose
human skin (261,262), thyroid (263) and blood vessels
(264). Advances have been made in introducing foreign
genes by insertional mutagenesis into the cultured skin
and blood vessel cells from which the transplantable
equivalents were constructed (265-267). Since survival
and development of reconstructed tissues and organs is
dependent on vascularization and blood supply, co-
construction of specific organs from both the parenchy-
mal cells and cells of the vascular system may be required
(268). These advances suggest that the major goal of tissue
culture research, e.g. isolation of specific cell types and
their environment in vitro followed by reconstruction of
them into tissues and organs, is coming to fruition.

INDUSTRIAL SCALE MAMMALIAN
CELL PRODUCTS

Bioactive secretory proteins from mammalian cells are
useful for research, diagnosis and therapy. These
substances are often produced in trace amounts that
preclude isolation of sufficient quantities in highly
purified form from tissues and fluids especially human.
Microbial recombinant technologies are the method of
choice for production of these proteins., However, in
many cases the prokaryote products are inactive,
unstable or antigenic because of the absence of
post-translational modification by mammalian processes.

Cell culture offers the means to produce these products
and accumulate them in the extracellular medium in
relatively pure form from normal differentiated cells or
cells expressing specific genes introduced artificially
{269-272). Several practical problems have begun to be
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solved: (i) construction of defined media for maintaining
differentiated functions of cells for protein production,
(ii) efficient, cost-effective growth of engineered cell
lines, (iii) enhancement of productivity of the bioactive
proteins. However, unique problems associated with the
maintenance of steady-state conditions, both in depletion
of nutrients and generation of toxic products, in
industrial scale cell cultures remain. For example, a
plasma B cell in the lymph nodes secretes about 2000
antibody molecules per second, 1.7 X 10° molecules per
day, or 43 picograms IgG per day. Under optimal
conditions, the murine myeloma cell lines (MPC11)
produce 5 picograms IgG/ cell/minute (20 to 30% of the
total proteins synthesized), or about 3 X 10®° IgG
molecules per day. Theoretically, cells in a 10 liter
bioreactor at a density of 107 cells per ml could produce
720 grams of IgG per day. However, this enormous rate of
synthesis cannot be maintained in current culture
conditions and cells at a density of 10° per ml actually
produce only about 1 gram IgG/10" cells/day. It is
expected that further advances in the basic biology of
cultured cells and genetic engineering the host cell itself
for optimum growth and secretory function will overcome
these limitations.

PERSPECTIVE

Despite significant and gradual practical and funda-
mental contributions to eukaryotic biology over the past
70 years, the contributions of mammalian cell culture
models and technologies have been modest in view of
their enormous potential. No longer a cottage industry
occupied with the phenomenon of cell growth and
trial-and-error reconstruction of the complex extracellular
milieu, mammalian cell culture has become a basic, if not
essential, tool for fundamental discovery and elucidation
of problems facing eukaryotic biologists, The current list
of cellular regulators and their receptors likely repre-
sents a minority of those yet to be isolated and
characterized. Post-receptor biochemical pathways that
determine different parameters of cell behavior await
elucidation.

The complete set of polypeptide regulators of growth
and gene expression and completely defined environ-
ments have been determined for only a handful of the
over 400 cell types in the body. Insertional mutagenesis
has been achieved in only a few of these cell types. Living
tissue equivalents from only a few of these cell types have
reached clinical trials. Only a few mammalian cell
products are produced on industrial scale and are in the
marketplace. Despite the impressive list of genes that
affect cell behavior and whose abnormal expression are
associated with cancer and other pathologies, strategies
for prevention and cure based on the discoveries are
urgently needed. There is increasing public pressure to
use cell cultures to reduce use of animals in assessment of
risk to humans to environmental chemicals and pharma-
ceuticals. These opportunities are invitation for new
investigators from various disciplines to take up the
models and methodologies of mammalian cell culture.
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