Advances in Viral Oncology, Volume 4,
edited by George Klein. Raven Press,
New York © 1984.

Transformation Mechanisms at
the Cellular Level

Robert Pollack, Suzie Chen, *Scott Powers,
and Michael Verderame

Department of Biological Sciences, Columbia University, New York, New York 10027, and
*Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11224

A major question in biology today is: What are the differences in behavior
between normal cells and cells that either come from or can become tumors? A
partial answer is forthcoming from somatic tissue cells grown in dishes and flasks.
Even this success may be surprising, since cell cultures contain an element of
artifact: insofar as they are growing, often at lower densities than found in vivo,
they may be intentionally different from the cells in the tissue they mimic (50,109).

In the adult body, many cells are not growing; rather, they are sitting in a matrix
of other cells and their mutually secreted products in assemblies called tissues. A
typical tissue has epithelia and mesodermal and fibroblast cells separated by an
acellular basement membrane (Fig. 1). The epithelial side is the topologic outside
of the tissue. All epithelial cells are in contact with either neighboring cells or a
collagen-based matrix. Blood vessels are on the mesodermal side, along with a
nondividing cell called the fibroblast. Fibroblasts normally are quiescent.

GROWTH CONTROL MECHANISMS

A typical tissue in an adult is not growing in size; thus net tissue cell growth
must be kept to zero. Normal cell growth in a tissue is regulated differently by
cells on the two sides of the basement membrane. The first physiologic mechanism
is simplest: some cells do not normally divide. The second is more complex: some
cells divide regularly, but one of their two daughters is destined always to die by
differentiation.

Remarkably, these two mechanisms are topologically distinct in the body. The
basement membrane separates them, with the “inside” cells showing the simpler
control and the “outside” ones the more complex. In the case of the epithelium,
molecular biology must explain how one cell divides into two different cells, only
one of which will divide again (7,39,45). In the case of the stromal cells, we must
explain what signals these cells require in order to divide (4,32,49).
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FIG. 1. This schematic diagram shows the relative positions of epithelial cells, fibroblasts, blood
vessel endothelial cells, and the interposing basement membranes. Epithelial and fibroblastic
cells are separated by a basement membrane.

WOUNDS AND THE GROWTH CONTROL OF FIBROBLASTS

Epithelia are the origin of the majority of tumors. Apparently, the more complex
mechanism is the one that most often goes awry; more is known about the simpler
case of stromal cell growth regulation. We have a good idea of what the signals
are in the body for normal fibroblast growth, because we can make these cells
grow by wounding any tissue. The consequence of wounding is to cause fibroblasts
to grow, to secrete a collagen scar, and then to stop growing as the epithelial layer
fills in over the collagen. Thus a wound provides all the signals necessary to
reversibly activate the growth controls of a normal fibroblast (85).

What then are the signals provided by a wound? A wound is an opportunity for
blood to exit a capillary or a larger blood vessel. The blood then clots. Unclotted
blood is a suspension of lymphocytes, macrophages, erythrocytes, and platelets in
plasma. Plasma is composed of fibrinogen, hormones, and a vast assortment of
soluble molecules. Upon wounding, blood contacts the collagen of the cut vessel



TRANSFORMATION MECHANISMS 5

and the collagen-based matrix in which the vessel was embedded. This leads to a
string of events. First, the platelets lyse to release a mesh of actin and myosin; they
also release a local high concentration of soluble, platelet-derived hormones. At the
same time, the fibrinogen of the plasma is converted to an insoluble fibrin mesh
by collagen activation of the plasma enzyme thrombin. These events culminate as
the fibrin, actin, and myosin become a contractile clot, which squeezes out a fluid
called serum. The presence of serum and a fibrin clot are the necessary and
sufficient signals for fibroblasts to begin dividing and secreting large amounts of
collagen in a feedback loop that reestablishes the structural integrity of a tissue.

Recently, we have learned that serum contains a set of polypeptide hormones
(49), including the platelet-derived growth factor PDGF (106). PDGF stimu-
lates fibroblasts to secrete their own mitogenic hormone, the insulin-like growth
factor somatomedin C (19). Somatomedin C, also known as insulin-like growth
factor-I (IGF-I), is the final hormone in the hypothalamic loop stimulating normal
body growth through growth hormone (Fig. 2). At the same time as IGF-I appears,
the clot with collagen provides an anchoring structure on which a fibroblast can
spread and organize its cytoskeleton into large stress fibers containing intracellular
actomyosin (42,71,126). Receptors for such hormones as 1GF, PDGF, epidermal
growth factor (EGF), and insulin are integral membrane proteins (63) (Fig. 3), and
the insulin and EGF receptors have an associated tyrosine kinase activity (3,13,54,60).
Tyrosine kinase activity is associated with tumor virus transforming gene products
(9). Evidence has accumulated that hormone binding is followed by clustering of
these hormone receptors (59), and that such lateral, directed receptor movement
requires a well-organized cytoskeleton (6,31).

Cell culture techniques thus permit the growth of tissue fibroblasts by providing
necessary growth signals. These come in the form of serum and a dish on which
the fibroblasts can anchor and spread. Given these signals, tissue fibroblasts in a
dish will proliferate for a few dozen divisions, as if filling in a giant wound.
Eventually, they will cease dividing, dying in a crisis (50) that mimics aging. If
crisis were inevitable, there would be little hope of doing reproducible molecular
biology with the cultures. Often, however, a process called establishment (2,44,123)
occurs, to provide populations of cells in culture with an abnormal but desirable
extra degree of autonomy.

ESTABLISHMENT

Experimental protocols, especially those requiring recovery of variant cell types,
depend on the capacity of cells to form separate colonies on a dish (47). Colony
formation demands that tissue fibroblasts show a novel degree of autonomy, initi-
ating colonies at a distance from one another that exceeds by many orders of
magnitude the distance wound healing cells get from their nearest neighbors in any
tissue (44,109,130). Most tissue cells cannot form colonies, and these colonies are
even less often capable of throwing off colonies in turn. Variants that survive crisis
and readily form colonies thereafter are called established (123). Although they
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FIG. 2. Feedback inhibition in the regulation of IGF-1 levels. Although the liver is currently the
suspected site of IGF-I production, this issue has never been conclusively settled. The existence
of a releasing factor has recently been discovered (11). +, positive stimulation; —, negative
stimulation. (Adapted from ref. 8.)

are often not abnormal enough to make tumors, they have clearly become geneti-
cally different from normal tissue fibroblasts.

Obviously, ignoring the difference between established cells and tissue cells
introduces artifact; nevertheless, the choice to do so provides a great boon. Colonies
are the descendents of single cells, while tissues are a complex architecture of
many cell types. Homogeneity of material is a prerequisite to the molecular analysis
of mechanism.

TUMOR CELLS AND TRANSFORMATION

A sarcoma is a tumor of fibroblast origin. It will grow whether or not a wound
or clot is present; it is no longer in need of these signals. The loss of a need for
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one or more of the signals involving hormones or anchorage defines the loss of
growth control in the cells of this form of tumor (33,57). Established normal cell
lines can be converted by a number of agents into a state in which they can form
tumors upon injection into an appropriate normal tissue (35,61,75,119,122,124).
Thus cell culture provides two different kinds of transformed cells: from the tumor
and from the transformation (Fig. 4).

Once a culture is established from a single cell, it can be grown into a large
amount of genetically and biochemically homogeneous material for further study.
This material, whether from a tumor, a transformant, or a normal cell culture, will
be suitable for the tracking of biochemical differences in a manner not possible
using biopsy material.

What then are the biochemical and phenotypic differences between normal and
tumor cells, and how do they occur? Because it is inappropriate to approach the
question of mechanism by the accumulation of differences (Table 1), we concentrate
only on these differences that are characteristic of both cultured tumor cells and
transformed cells (Fig. 5). In this light, three phenotypic changes are common to
both sarcomas and transformed fibroblasts: (a) the ability to grow without anchorage
(28,32-34,75,104,115), (b) the inability to organize the actomyosin cytoskeleton
properly (1,51,52,65,80,89,116,126), and (c) the abnormal capacity to secrete
proteases (72,87,100,102,103).

Selections designed to separate out the parts of this complex of phenotypic
changes have generated a set of cell lines that permit linkage of these phenotypes
to tumorigenicity (4,75,104,122,124). The wound teaches us that normal fibroblasts
must receive at least two different signals before they can divide. These are, again,
the hormones found in serum and the substrate on which to spread. Tumor cells
in culture often grow equally well in the presence or absence of these signals
(4,25,28,40,49,53). Since both kinds of cells grow well in culture, we can construct
assay conditions that directly select for the cells that no longer need these signals
(Fig. 6). In such an assay, cells are intentionally deprived of one or more of the
signals necessary for growth. They remain in suspended animation. A transforming
agent (e.g., virus or chemical) may convert some of the cells so that they can grow
despite the absence of the signal. When the conversion is genetically stable, a clone

LOCATION GROWTH CONTROL
NORMA L ABNORMAL
Ti —> Tumor L
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\L J/ T formed cells.
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TABLE 1. Properties of cells transformed by SV40 or
polyoma virusab

Growth
High or indefinite saturation density®
Different, usually reduced serum requirement¢
Growth in agar or Methocel suspension, anchorage
independence®
Tumor formation upon injection into susceptible animals
Not susceptible to contact inhibition of movement
Growth in a less oriented manner¢
Growth on monolayers of normal cells¢
Surface
Increased agglutinability by plant lectins¢
Changes in composition of glycoproteins and glycolipids
Tight junctions missing
Fetal antigens revealed
Virus-specific transplantation antigen
Different staining properties
Increased rate of transport of nutrients
Increased secretion of proteases or activators®
Intracellular
Disruption of the cytoskeleton
Changed amounts of cyclic nucleotides
Evidence of virus
Virus-specific antigenic proteins detectable
Viral DNA sequences detected
Viral mMRNA present
Virus can be rescued in some cases

aFrom ref. 125.

bTransformed cells show many, if not all, of these properties,
which are not shared by untransformed parental cells.

¢Several of these properties have formed the basis of selection
procedures for isolating transformants.

of transformed cells will grow out against a background of nongrowing normal
cells.

Surprisingly, the transformants isolated in these different assays are not the same
(104,105,127,128). Each selection generates a cell type insensitive to the growth
signal that is absent in the selective assay; for example, serum transformants arise
from the serum-starvation assay and anchorage transformants from the anchorage-
deprivation assay. However, other transformation phenotypes accompanying the one
that served as a basis for selection usually occur in an ordered way (Fig. 7). Serum-
transformed clones lack the capacity to grow in the anchorage-deprivation assay,
while tumorigenic anchorage transformants always also grow in low serum (34).
Also, cells of tumors arising from a normal hamster line after chemical mutagenesis
are both serum and anchorage independent, even though the transformants them-
selves are initially only anchorage independent (83). Apparently, while both the
serum and the anchorage requirements must be lost before tumorigenicity is pos-
sible, the anchorage assay has a much higher probability of generating tumorigenic
transformants (90,126). In biochemical terms, the concomitants of the anchorage
requirement are likely to be most directly related to tumorigenicity (90).
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Phenotype of Phenotype of
Transformed Tumor
Cell Cell
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FIG. 5. Overlap of the phenotypic differences in transformation and in tumor cell growth. Each
circle in this Venn diagram represents the complete set of phenotypes for the transformed cell
(left) or the tumor cell (right). A common strategy of modern research is to focus on those prop-
erties common to both sets (here represented by the hatched area).
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FIG. 6. Three selective transformation assays. In each assay, transformed celis and their des-
cendents grow, whereas untransformed cells, due to one or another restrictive environmental
signals, remain alive but do not increase in number. Heavy arrow, “transformation.” Note that
only in the anchorage assay can the transformant continuously traverse the cell cycle without
ever spreading out. (Adapted from ref. 90.) Other transformation assays include hormone dep-
rivation (94) and calcium reduction (79).
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FIG. 7. Transformations occur in an ordered series. Cells that are serum transformed are also
transformed with respect to the hormone insulin or IGF-I. Cells that are transformed with respect
to anchorage are also transformed with respect to serum and the other phenotypes indicated,;
also, they usually are tumorigenic. Transformants selected for their ability to grow in low calcium
(79) are transformed with respect to all the other phenotypes indicated.

INSULIN TRANSFORMATION

We recently carried the serum assay one step further toward molecular resolution.
By growing cells in the absence of serum, differences in hormone requirement
between normal and transformed cells became apparent (94,95). Figure 8 shows
the growth requirement curves for insulin and IGF-I of a normal, established cell
line. Insulin inefficiently mimics IGF-I (62); in fact, the physiologic IGF-I require-
ment is one of the major hormone requirements for established normal fibroblasts
(118). Insulin itself is unlikely to have any direct growth-promoting activity through
its own receptors on these cells (62).

Figure 9 shows the curves for a serum-transformed derivative line. Note that the
requirements for both hormones are shifted to the left by at least a factor of 10.
Apparently, serum transformation involves the reduction of the IGF-I requirement.

ANCHORAGE TRANSFORMATION

Because anchorage transformation most strongly correlates with the capacity to
grow as a tumor in a susceptible animal (34,90), we concentrated on asking which
biochemical events are most closely correlated with anchorage independence in
fibroblasts. First, anchorage-transformed cells elaborate proteases, in particular the
protease that activates the clot-dissolving plasma proenzyme plasminogen to plasmin
(88,101) (Table 2). Second, we found that anchorage-transformed cells specifically
lack the capacity to organize their cytoskeleton into large, actin-containing stress
fibers, and that plasmin can efficiently disrupt the cytoskeleton of the normal cell
(87,89,126). The cytoskeletal change is most easily seen by comparing the orga-
nization of normal and transformed cell cytoskeletons with a dye, such as phallo-
idin, that specifically stains the actin of the cell (104) (Fig. 10A). The cables run
to the edge of the spread cell and are large and many in number. In most anchorage-
transformed cells, but not serum-transformed cells, this organization is replaced
by a markedly diffuse one (Fig. 10B). The red nucleus is stained at the same time
with antibodies that pick out the presence of a transforming virus protein, SV40
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FIG. 8. Dose response curves of 3T3 with insulin and IGF-I. Cells were grown in serum-free
medium, including either insulin (x) or IGF-I (o). Without either of the hormones, normal 3T3 cells
do not even complete one doubling in 4 days. Note the shifted response curve for IGF-I as com-
pared to insulin (94).

T antigen. Figure 10C is a serum-transformed, anchorage-requiring line. Note the
correlation of cytoskeletal retention with the maintenance of the anchorage require-
ment in this cell, despite the presence of the SV40 T antigen (126).

EPITHELIAL CELLS AND THE TRANSFORMED PHENOTYPE

The majority of in vitro analyses concerning cellular growth control have been
conducted with fibroblasts because of the relative ease with which these cells grow
out in culture from any tissue biopsy. Recent progress in plating epithelial cells in
culture allows short-term survival of these cells (30,38,82,96,97,99,114,131). Given
the advantages of in vitro growth outlined above, studies with these populations
should lead to significant observations concerning the mechanisms of both growth
and differentiation—two intimately related phenomena in tissues that give rise to
the majority of human malignant neoplasms.

The long-standing observation that tumorigenic fibroblasts have a disrupted actin
cytoskeleton (89,126) provides a starting point for the examination of colonies of
epithelial cells derived from colon biopsies of patients with frank adenocarcinomas,
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FIG. 9. Dose response curves of SV101 with insulin and IGF-1. These transformed cells were
grown in serum-free medium, including insulin (x) or IGF-I (0). Note that even without added
insulin or IGF-1, SV101 cells grow considerably (~2.5 doublings in a 4-day assay). Also note the
shifted response curve for IGF-I as compared to insulin (94).

TABLE 2. Correlation among in vitro
growth properties and tumorigenicity of Syrian

hamster cell lines@
Coefficient of
Growth parameter rank correlation
Cloning efficiency, semisolid 0.986%
agar

Fibrinolytic activity 0.754¢
Generation time, 1% serum 0.754¢
Cloning efficiency, liquid medium 0.638¢
Organization of intracellular actin 0.570¢
Saturation density, 10% serum 0.246
Generation time, 10% serum 0.062
afFrom ref. 5.

bSignificant at the 95% confidence level.
¢Significant at the 90% confidence level.
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premalignant conditions of various states, or apparently normal tissue. Unlike
fibroblasts, which have an elaborate stress fiber network in normal cells that is lost
upon transformation to the tumorigenic state, primary epithelial colonies cultured
for a short time in vitro exhibit several distinct classes of organization differing
from fibroblasts (37).

In normal colon, the epithelium is organized into finger-like indentations called
crypts of Lieberkuhn. Only the cells at the base of the crypt are dividing (78).
Cells in vitro derived from normal epithelial tissue are well spread. Electron
micrographs have shown that the normal cells overlap one another like roofing
shingles (36). In some colonies, the cells are well separated from their neighbors
(i.e., not touching one another). In all cases, normal biopsy colonic epithelial cells
contain some actin cables, but not as abundant an amount as found in fibroblasts.
Instead, there is some weak staining at the perimeter of the cells (37) (Fig. 11A,
B).

Premalignant adenomas in situ are characterized by a breakdown in the normal
organization of the crypts usually seen in vivo (78). Dividing cells can be found
all the way up the crypt wall, not confined to the bottom as in normal tissue (74).
This elongates the crypt, until it forms a polyp which extends into the lumen of
the gut. Colonies derived from early stage (tubular) adenomous tissue show a
remarkable alteration in their in vitro phenotype as well (37). The cells are always
organized into sheets of well-spread cells, in which each cell is in intimate contact
with its neighbor along its entire perimeter (Fig. 11C, D). There is usually an
intense staining lining the plasma membrane of each cell. Actin stress fibers can
be seen scattered throughout some of the cells. A small number of colonies from
premalignant adenomas exhibit an elaborate system of stress fibers, which seem to
extend intercellularly, essentially blanketing the colony.

Late stage (villous) adenomas show a similar organization to early stage aden-
omas (37). Cells from late stage adenomas can be distinguished from early stage
adenomas by their response to the potent tumor promoter 12-O-tetradecanoyl
phorbol-13-acetate (TPA). In addition to increasing the secretion of the protease
plasminogen activator (36,72), TPA causes the late stage adenomas to round up,
separate from one another, and completely lose all actin cables (37). In contrast,
early stage adenomas are completely unaffected by this treatment.

Adenocarcinomas are characterized by a loss of tissue organization and inappro-
priate cellular proliferation (78). Biopsies containing these cells are placed in
culture, and the cells are stained for actin; the cells are readily distinguished from
either normal or premalignant cells by their rounded appearance. They can occur
either patches of cells touching each other or as single cells, but in neither case

o
—

FIG. 10. Cells stained for F-actin and for SV40 large T-antigen. These cells have been double
stained with the fluorescent compound Fl-phalloidin and with antibodies to SV40 large T-antigen
(126). Top: A normal cell with its characteristic numerous F-actin bundles, shown here in
green. Middle: A typical transformed cell. Note the presence of SV40 T-antigen (indicated by
the red nucleus) and the absence of large actin bundles. Bottom: A typical anchorage re-
vertant. Despite the continued expression of the SV40 T-antigen, the F-actin bundles are obvious,
demonstrating the correlation of anchorage-dependent growth and an organized cytoskeleton.
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FIG. 11. Epithelial cells derived from colon tissue and stained for F-actin. Primary epithelial
cells from an explant were cultured for 1 to 4 days and stained for F-actin with the compound
Fl-phalloidin (37). A and B: Typical examples of cells from normal tissue. C and D: Typical
examples of cells from benign adenomas. E and F: Examples of cells derived from adeno-
carcinomas. There is only a moderate amount of actin bundles in the normal cells (A,B). The
cells from the adenomas, on the other hand, are blanketed by actin cables (C,D). Note the com-
plete absence of detectable cables in the cells from the adenocarcinomas (E,F).

do they exhibit any stress fibers (Fig. 11E, F) (37). These invasive populations
usually display actin at their periphery, but they are easily distinguished from
adenoma cells, which are much more angular at their edges. Interestingly, late stage
adenomas that have been treated with TPA in culture are similar in appearance to
adenocarcinoma cells, perhaps because either plasminogen activator or plasmin is
disrupting their cytoskeletons (36,103). Because TPA can disrupt the cytoskeleton
even in serum-free media, it is possible that plasminogen activator is directly
responsible for the effect (36).
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We have tentatively concluded that cultured epithelial cells from the colon lose
their organized cytoskeleton upon becoming tumorigenic. Compared to normal skin
fibroblasts, however, normal colonic epithelial cells apparently have only a mod-
erately organized skeleton (Fig. 11A, B) (37). The cytoskeleton is dramatically
more prominent in premalignant colonic cells and is completely lost upon the
transition to malignant tissue. The molecular mechanism underlying cytoskeletal
changes in both fibroblast and epithelial cells remains a mystery; nevertheless,
models exist.

MODELS OF MECHANISM

Three distinct models of mechanism have been proposed to link growth signals,
cytoskeletal changes, and protease activations to each other in a biochemical path-
way (85,86,91,92,101).

Automimicry of an External Signal

The postulate is that the transformed cell is secreting the equivalent of a growth
hormone or serum, or clustering the receptors for that hormone as if the hormone
had been present and bound to those receptors. Secretion of IGF is indeed a normal
response by fibroblasts to PDGF or growth hormone. Clearly, either stimulation of
PDGEF receptors or inherited loss of a requirement for that hormone would lock in
repeated cell division. In the first case, this would happen by a cell stimulating
itself into repeated divisions; in the second case, it would occur without any further
hormone requirement.

Clustering of hormone receptors through protease disruption of the cytoskeleton
would be a simple way for the cell to accomplish this bypass. Such a model links
cytoskeletal changes with reduced hormone requirements and is consistent with the
presence in culture fluid from transformed cells of growth-stimulating factors (85).

Regulatory Mutation Derepressing a Cellular Gene That is Normally
Activated Only by a Growth Signal

The cell is presumed to bypass the need for environmental signals completely by
making a cellular gene product that is normally never made except as a consequence
of full hormone and anchorage signaling in a normal growing tissue. This model
predicts that due to gene activation, a transformed cell will express intracellular or
surface antigens common to rapidly growing normal cells. If such gene activation
were sufficient to generate tumorigenic potential in a cell, certain hierarchically
ancient genes should be found expressed both in embyros and in a disparate
collection of tumors. Monoclonal antibodies are indeed turning up such antigens.

A major example is a cellular phosphoprotein of 54,000 (54K) daltons. This
protein was detected almost simultaneously by workers in two separate fields.
Searchers for tumor antigens reported that mice with methylcholanthrene-induced
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tumors had antibodies to this cellular protein (23). Virologists working with the
DNA tumor virus SV40 reported that the 54K cellular protein could be immuno-
precipitated with sera obtained from animals with tumors induced by SV40-trans-
formed cells (68,73). The same 54K cellular protein subsequently was found in
cells transformed by Abelson murine leukemia virus and adenovirus, in sponta-
neous teratocarcinomas, and in a variety of other tumor-derived cell lines of murine,
human, and other species (58,108). Small amounts of this protein have been
detected in normal mouse tissues and cell cultures (46,73) and larger amounts in
early mouse embryos (14).

Recently, we have used inbred mouse strains to examine endogenous cellular
54K protein in the absence of any transforming agent (18). We have found that the
amount of endogenous cellular 54K protein in early precrisis mouse cells varies in
a strain-specific manner. Strains that can produce a high level of endogenous 54K
protein in late passage do not further increase 54K expression after SV40 trans-
formation (Table 3).

Structural Mutation Generating an Abnormal Gene Product Involved in
Hormone and Anchorage Signaling

A cell would bypass the environment by making an abnormal gene product whose
activity is no longer subject to normal cell cycle regulation. This would be the
intracellular equivalent of surface PDGF receptor clustering. Examples of such host
proteins with altered activity are not yet available. However, transcriptionally active
variant alleles of human oncogenes are found in cultured cells of many tumors,
and genes for these variant alleles are capable of transfecting anchorage independ-
ence (12,120; M. Wigler, personal communication).

TUMOR VIRUSES AND MECHANISMS OF TRANSFORMATION

These three mechanisms need not be mutually exclusive, and any is likely to be
at best only partly correct. Because they are small, viruses offer the possibility of
a resolution of the problem of mechanism. The smallest ones encode only one
protein, which by itself can overcome all the growth requirements of a fibroblast
and convert it into a sarcomagenic transformed line (125). The transforming gene
product of the RNA retroviruses is typically a protein with a hydrophobic C-
terminus that places it in the plasma membrane of the cell (67). This protein usually
has kinase activity, transferring phosphate to tyrosine residues of a small number
of cellular proteins (20,22,55). A close similarity to hormone receptors and their
immediate substrates at the inner membrane probably is not coincidental
(6,26,31,59,60,107).

The transforming proteins of the DNA tumor viruses are of two sorts: small
proteins, which are claimed to have the capacity to mimic growth hormones (125),
and large phosphoproteins, which bind to viral and cellular DNA (48) and the 54K
cellular phosphoprotein (70). Recently, we have found that SV40 transformation



20 TRANSFORMATION MECHANISMS

TABLE 3. Quantitation of [*4S]-methionine-labeled
host 54K protein in primary mouse cells?

Amounts of 54K protein
immunoprecipitated
with monoclonal 122

Cells Passage antibody?
C57L p3 0.27
C57L p12 0.30
SVC57L ¢ 5.76
NFS p3 0.30
NFS p12 6.75
SVNFS ¢ 6.38
Ad p2 0.36
A p12 2.70
BALB/C p2 0.81
BALB/C p12 2.92
SVBALB/CY ¢ 5.73
C3H p2 0.26
C3H p12 0.20
SVC3H ¢ 5.58
(C57LxNFS)F1 p2 0.38
(C57LXNFS)F1 p12 4.25

aAdapted from ref. 18.

bTotal trichloracetic acid precipitable radioactivity ([*S]-
methionine) was determined in each cell extract, and im-
munoprecipitation was done using equal amounts of protein.
Amounts of 54K protein were determined from fluorograms
by scanning on a Gilford 250 Spectrophotometer equipped
with a Gilford 2520 Gel Scanner (arbitrary units).

cAfter SV40 transformation, phenotypes are passage in-
dependent.

dFemale mice only.

frequency varies coordinately with endogenous 54K expression (Table 4). This
suggests that the genes regulating 54K expression may predispose mice to have a
greater or lesser chance of developing at least some forms of cancer.

With tumor viruses and cellular transformation assays, it should be possible to
pose the molecular question: How does this one gene product work, and by inter-
action with which cellular molecules, to overthrow the requirement of the cell for
growth signals? A major limitation of the tumor virus strategy so far lies in the
use of established normal cells. We have already pointed out that normal tissue
cells can be passaged in culture as autonomous microorganisms. Upon passage,
the cell population changes, since passage itself selects for the most autonomous
of the cells in the biopsied tissue.

Presumably, a set of structural gene mutations must accompany stable establish-
ment. For example, expression of the 54K phosphoprotein is increased in established
lines, since this protein is found in many “normal” established lines as well as in
many tumors (73); tumor viruses in most laboratories are expected to transform
abnormal but anchorage-requiring cells into anchorage-transformed lines. There-
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TABLE 4. Covariation of endogenous 54K protein and susceptibility
to SV40 transformation in various strains of mice

SV40 transformation frequency

Amount of
54K protein High Low
High BALB/C None
NFS
(C57L x NFS)
A Female (late passage)
Low None C57L

C3H
A Female (early passage)

fore, viral gene products are usually interacting with a set of cellular gene products
that are different from those found in a normal tissue cell. This is confirmed by a
recent study of the polyoma gene products necessary to transform cells. Polyoma
middle T was sufficient to anchorage-transform the established rat line FR3T3.
However, both polyoma middle T and large T were necessary to anchorage-trans-
form precrisis fibroblasts (98).

The strategy of transforming already abnormal cells may generate information
only about a necessary but not sufficient part of oncogenic transformation. Direct
approaches will also be necessary to map and understand the mechanism by which
a normal cell elaborates genetically stable established variants. Indeed, it is possible
that the changes from normal to established cell are part of the changes that must
occur before a tissue cell becomes oncogenic. If so, then this second set of changes
will be of equal importance to anchorage independence in our understanding of
the origins of cancer (10,18,29,56,93).

TRANSFORMATION BY GENES FROM SPONTANEOUS TUMORS

Recently, a new strategy has permitted an old question to be asked about
transformation: Which genes in a spontaneously transformed cell or putatively
nonviral tumor are capable of transforming a normal cell?

In the past 10 years, a new technology has grown for the direct manipulation of
specific DNA sequences. The enzymatic and biochemical tools are now available
to isolate, amplify, and sequence a gene and to insert it into a cell, where it will
integrate and express in that cell and its descendents (21,43,64,129). Furthermore,
the sequence transforming a cell can be found at a later time in the cellular genome
and recovered for another cycle of gene sequencing, site-specific mutagenesis, and
reimplantation in the genome of another recipient cell. With this set of tools, the
search has begun in tumors for the cellular genes that can transform normal cell
lines. These are called oncogenes.

The protocol is simple. DNA from a transformed cell is transfected into normal
recipient cells. The normal cell cultures are then treated as if they were infected
with any other transforming agent. Transformants for anchorage or density are
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recovered, and the causative sequences of DNA from the donor are tracked and
isolated (21,66,69,84,111-113). These studies have led to two remarkable results:
First, the genes that have been followed out in detail are homologous to the
transforming genes found in Kirsten and Harvey sarcoma viruses, even though the
donor DNA may come from a cell line derived from a “spontaneous” human tumor
(16,17,81). Second, these tumor oncogenes differ only slightly from ones found in
a conserved way in every mammalian species. Expression from the “normal” alleles
of these genes is tightly down-regulated in normal cells (12,120). For example, the
normal ras gene and the tumor ras gene can both anchorage transform NIH3T3.
However, these transformants showed significant difference in p21 ras production.
Much more normal ras protein than tumor ras protein was made in the transform-
ants (121). Apparently, a small amount of tumor p21 ras is as effective as a normal
amount of normal p21 ras.

HYPOTHESES TO EXPLAIN ONCOGENES

Model 1: Tumor oncogenes are oncogenic because they are mutant forms of neces-
sary growth regulatory genes, which play a role in rapid cell growth, perhaps during
embryogenesis.

Model 2: Tumor oncogenes are normal genes; that is, the oncogene of the donor
tumor may be a member of a polyallelic family of growth regulatory genes. In this
family of genes, all alleles would yield normal growth control in tissue, while some
would generate the transformed state against the changed genetic background of an
established cell. The donor tumor itself would then have arisen as a result of the
establishment of its parental cell, perhaps by mutation of the sort that converts normal
tissue cells to established cell lines. Upon transfection into a recipient cultured cetl
that is also established, such a variant allele of a growth regulatory gene would again
be able to generate the full phenotype of transformation.

If model 1 is the case, then these mutant cellular oncogenes should make products
whose functions are sufficient to generate a tumor from a tissue cell. If model 2
is true, then certain alleles of these host oncogenes may be markers for a higher
than normal cellular propensity to develop a tumor. This would imply that the
oncogene set may persist in any one of a set of multiple allelic forms in the human
genome without inevitably generating a tumor. If a tumor arises, it would be the
result of a combination of an inherited “bad” allele of an oncogene in all cells of
the body and somatic mutation leading to establishment in a single cell. This second
mutation is a good candidate for environmental mutagenesis.

According to model 2, environmental mutation would be responsible for the
conversion of cells from normal to established phenotypes in the tissue. Such
mutated established cells would not produce tumors unless they arose in a host
carrying the sort of bad allele now detected as a “transforming gene” in gene
transfer assay. In the presence of a bad allele, however, environmental mutagenesis
would result in a fully transformed phenotype, and the cell would grow into a
tumor.

One of the oncogenes cloned from a human bladder tumor cell line is reported
to be closely related to the oncogenes of the rat-derived Harvey sarcoma virus, as
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well as a cellular homolog present in normal human DNA (15,24,41,81,110). This
particular oncogene is distinguished from its normal cellular counterpart by the
loss of a specific restriction endonuclease cleavage site and a single amino acid
difference at that site. However, only the normal allele of c-ras " has been reported
to be present in at least one bladder tumor (77).

At least some tumor oncogenes are mutated in one or more amino acid, compared
with their normal homologs. Enhanced transcription of c-onc sequences in colon
carcinoma (27), however, and similar examples of regulatory changes in oncogenes
need not be the result of oncogene mutation. Indeed, changing the local microen-
vironment of early mouse embryo cells by placing them under the testes capsule of
an adult male mouse is sufficient to generate a highly malignant, undifferentiated
population of teratocarcinoma cells (117). Even after 8 years of being maintained
as a transplantable tumor, teratocarcinoma cells can be entrained to normality by
a subsequent change in the microenvironment to the inner cell mass of a normal
early mouse embryo (56,76).

Time will tell whether current human sequences called oncogenes are actually
agents of carcinogenesis or markers of individual susceptibility to environmental
carcinogenesis, or both, or neither.
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