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Abstract

A workshop organized by the Chemical Pathology Study Section was
convened to discuss recent findings on the suppression and/or reversal of
neoplastic transformation. The existence of specific genes involved in
suppressing tumorigenicity has been clearly demonstrated by molecular
and cytogenetic analyses of tumor and normal cells from individuals
predisposed to develop specific malignancies and by studies of hybrids
between normal and neoplastic cells. The malignancy of tumor cells can
be suppressed in hybrids with normal cells despite the continued expres
sion of activated oncogenes. Reversal of the malignant state can also be
affected by placing tumor cells in certain embryonic environments, such
as the mouse blastocyst, or in response to differentiation inducing factors.
The numerous examples of suppression and reversal of malignancy
indicate that this is an important area for future study which may lead to
new methods to control cancer.

Introduction

Much excitement currently exists about the discovery of
oncogenes, and an understanding of their role in neoplastic
development is emerging. It is generally believed that these
genes are dominant acting, but evidence also exists that tumor
igenicity is a recessive trait. The malignant properties of a
tumor cell can be repressed by fusion of the cell with a normal
cell, by placement of the cell in certain environments, or by
treatment of the cell with a variety of substances including
growth inhibitory factors and inducers of differentiation. Fur
thermore, recent evidence derived from certain human tumors
(e.g., retinoblastoma, Wilm's tumor) suggests that deletion of

certain normal cellular genes is required for the expression of
malignancy.

An understanding of the cellular and molecular mechanisms
by which the malignant phenotype is suppressed is a new and
important area for cancer research. Hence, a workshop was
organized to provide a forum by which members of the Chem
ical Pathology (CPA) Study Section could become aware of
recent findings in the reversal and suppression of transforma-
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tion as it relates to the processes of chemical carcinogenesis,
thereby enhancing CPA review capabilities in this area.

Two questions of particular interest were discussed at the
workshopâ€”the relationship between the function of oncogenes
and tumor suppression genes in the multistep carcinogenesis
process and the role of chemical carcinogens in mutating genes
involved in tumor suppression.

Formal Presentations and Discussion

The workshop was introduced by brief remarks from J. C.
Barrett who noted some of the many examples (1) where
reversion or suppression of the malignant state have been
reported (Table 1). These examples illustrate the array of po
tential mechanisms for reversing the neoplastic state by altering
the genetic and epigenetic background of the tumor cell.

E. J. Stanbridge then discussed the evidence for the existence
of tumor suppressor genes (also termed antioncogenes) based
on studies of cell hybrids. He first reviewed the history of
hybrids between normal and malignant cells. The initial exper
iments in this area with interspecies hybrids suffered from
problems of instability of the hybrid cell and were misinter
preted to indicate that tumorigenicity was a dominant trait.
This problem was circumvented by the use of intraspecies cell
hybrids. The studies of Stanbridge and coworkers over a number
of years have provided convincing evidence that the tumori
genicity of hybrids between normal and malignant human cells
is completely suppressed (2). Hybrids between HeLa cells and
normal human fibroblasts are stably nontumorigenic for over
200 population doublings (~2 years). After extensive cell cul

ture, rare tumorigenic segregants arise from these nontumori
genic hybrids which can be isolated. This allows cellular, mo
lecular, and cytogenetic comparisons between nontumorigenic
and tumorigenic hybrid cells. Many of the in vitro phenotypes
commonly associated with transformed cells (e.g., growth in
agar, morphology, etc.) fail to correlate with tumorigenicity.
One potentially important change is the expression of a protein
with a molecular weight of 75,000 on the surface of tumorigenic
but not nontumorigenic HeLa X normal hybrid cells. This
glycoprotein which is phosphorylated on serine residues and
has associated protein kinase activity may be a useful marker
in this system, although it is not commonly expressed in other
tumor cells.

Cytogenetic studies of the hybrids by Stanbridge showed that
reexpression of tumorigenicity is associated with the loss of a
single copy of chromosome 11 and a single copy of chromosome
14. These studies are particularly important in mapping a
specific locus responsible for the suppression of tumorigenicity
which is an important line of evidence supporting the existence
of specific genes negatively controlling expression of neoplasia.
A critical question in these studies is whether the chromosome
lost from the hybrids is derived from the normal or tumorigenic
parent cell. Restriction fragment length polymorphism analysis
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Table l Examples of reversion ofneoplastic states

1. The neoplasie state of crown gall teratomas of tobacco plants can be
reversibly suppressed.

2. Malignant mouse teratocarcinoma cells transplanted into blastocysts form
normal, genetically mosaic mice.

3. Nuclear transplantation from renal tumors of the frog into ova develop
normal tadpoles with no evidence of neoplasia.

4. I [lidriUKml carcinomas of the newt regress in the absence of the chemical
inducer.

5. Spontaneous regression and differentiation of neuroblastomas of humans
are observed occasionally.

6. Differentiation of squamous cell carcinoma cells is observed following
transplantation.

7. Regression of chemically induced premalignanl lesions (papillomas and
dysplasias) frequently occurs.

8. Certain chemicals can induce terminal differentiation and/or reverse the
neoplastic phenotype of malignant cells.

9. Cell-cell interactions and growth environment influence neoplaslic and
malignant potential of tumor cells.

10. Tumorigenicity can be suppressed in cell-cell hybrids and cybrids.

11. Reversion of the tumorigenic phenotype with a high frequency by carcino
gens or agents such as S-azacytidine which affect patterns of DNA methyl-
ation.

(using probes that map to chromosomes 11 and 14) showed
that the tumorigenic hybrids generally lose the chromosome 11
from the normal cells. Loss of normal chromosome 14 was not
indicated by the restriction fragment length polymorphism
analysis. This experiment supports the conclusion that chro
mosome 11 from the normal cells contains a gene that controls
the suppression of tumorigenicity in hybrids (3). This conclu
sion is further supported by recent studies of this group who
were able to transfer single chromosomes into the hybrid cells
by microcell transfer techniques. Transfer of chromosome 11
to the tumorigenic hybrids suppresses tumorigenicity, whereas
transfer of chromosomes X or 14 is without effect. Further
more, selection for hybrid cells which have lost the transferred
chromosome 11 results in reexpression of tumorigenicity (4).
These are extremely important experiments, strongly implicat
ing chromosome 11 in the suppression of tumorigenicity.

Stanbridge speculated that the mechanism of suppression
may involve induction of differentiation following injection of
the cells into animals. This conclusion is based on his observa
tions that the hybrid cells in vivo express the differentiative
characteristics of the normal parental cell regardless of the
nature of the malignant parental cell. For example, I loi a X
normal keratinocyte cell hybrids form keratinizing cysts follow
ing s.c. injection. The concept that differentiation is involved
in tumor suppression was questioned by H. L. Moses and D.
Medina who noted that many highly differentiated cells are
capable of division.

R. Sager's presentation centered on two major areasâ€”tumor

suppressor genes and differences between human and rodent
cells in terms of neoplastic transformation. She presented data
for suppression of tumorigenicity in hybrids between a nontu-
morigenic Chinese hamster cell line (CHEF-18) and EJ-ras
transformed CHEF-18 cells (5-8). These findings are particu
larly interesting because the pSV2gptEJ plasmid containing the
rus oncogene induces focus formation and tumorigenesis of
CHEF/18 cells, yet these very cells are suppressible in hybrids
formed by fusion with normal CHEF/18. These results are best

understood if the plasmid transfection leads to loss of a sup
pressor gene as well as gain of the ras oncogene. Then fusion
with normal cells restores the suppressor which must be domi
nant in its effect on the elevated p21 rus protein present in the
hybrids. Thus, suppression must be a posttranslational event,
occurring despite the presence of elevated p21 ras.

Sager also reported that normal human cells can suppress
raÃ-transformed CHEF-18 and EJ bladder carcinoma cells in

hybrids. A very important finding is that in the hybrids sup
pressed for tumorigenicity, the ras oncogene is expressed at
elevated levels. Stanbridge noted that they also observed that
the mutated p21 ras protein is expressed in hybrids between
normal human and EJ bladder carcinoma cells (9). These
findings indicate that the expression of an activated oncogene
is not sufficient for tumorigenicity.

Sager also presented an interesting discussion on the differ
ences between neoplastic transformation of human and rodent
fibroblasts. She reported that the EJ-raj oncogene does not

transform human cells in terms of tumorigenicity, agar growth,
morphology, or other growth properties. Human cells with
elevated levels of the mutated p21 ras and elevated myc gene
expression remain nontransformed in contrast to the findings
with rat and hamster cells. She speculated that one of the key
differences between human and rodent fibroblast cells may
relate to the propensity to acquire an indefinite lifespan in
culture (i.e., immortality). Sager noted that the lack of escape
from senescence of human cells may have been an evolutionary
advantage for long-lived species and senescence may be one

mechanism for tumor suppression. (It was pointed out that
human lymphocytes in contrast to human fibroblasts can be
readily immortalized in culture, and this was considered an
important example of the many differences between cells of
hematopoietic and mesenchymal origin.)

Sager listed a number of suggested mechanisms for tumor
suppression which are useful to consider in future studies. These
include: (a) direct reversal of oncogene action; (/>)production
of growth inhibitors or chalones (e.g., TGFÃŸ,interferon, and
tumor necrosis factor); (e) inhibition of tumor angiogenesis
factor; (d) induction of differentiation; (e) inhibition of chro
mosome instability; and (/) loss of tumor cell surface targets
for immune surveillance.

Sager further emphasized the need to develop methods to
clone tumor suppressor genes. She noted that advances in
vectors for genomic and cDNA cloning should allow this to be
accomplished if suitable selection assays were available. She
pointed out that the marker used for selection need not be a
universal difference between all normal and tumor cells; if a
particular change can be used to distinguish normal and tumor
cells in a given system, it might be useful for cloning genes with
activity in these particular cells.

Barrett next discussed the role of tumor suppression genes
in neoplastic progression of Syrian hamster embryo cells in
culture. He described the evidence that neoplastic transforma
tion of these cells is a multistep process (10). Following treat
ment with chemical carcinogens, early changes in colony mor
phology are observed and these cells give rise to cells with an
indefinite lifespan (i.e., immortality). Carcinogen-induced im

mortal cells require at least one additional change prior to
expressing tumorigenicity. The multistep nature of neoplastic
transformation induced by chemical carcinogens is similar to
recent findings of oncogene transfection experiments (11, 12).
In general, normal, primary rodent cells require two cooperat-
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ing oncogenes (e.g., ras and myc) for tumorigenic conversion.
It has been proposed that the myc gene induces immortality
and the ras gene alters various transformed phenotypes, such
as focus formation and anchorage-independent growth of im

mortal cells resulting in tumorigenic conversion (11). Barrett
and coworkers have shown that similar to findings with rat
embryo cells (11), normal, diploid Syrian hamster embryo cells
are neoplastically transformed following transfection with the
v-Ha-ros plus \-myc oncogenes; but neither oncogene alone is

sufficient for neoplastic conversion (12).
Neoplastic transformation of cells by two cooperating onco

genes is consistent with a multistep model of carcinogenesis.
However, the number of steps necessary to convert a normal
cell into a malignant cell is unknown. If activation of two
oncogenes is sufficient for tumorigenicity, tumors derived from
diploid cells transformed by the transfected oncogenes may
remain diploid or have only random chromosome alterations.
Therefore, these investigators examined the karyotypes of tu
mors formed after transfection of Syrian hamster embryo cells
with v-Ha-rai plus v-myc oncogenes (13). They observed that
tumors induced by v-Ha-rai plus v-myc are monoclonal and
have a nonrandom chromosome change, monosomy of chro
mosome 15.

In order to clarify the role of monosomy 15 in the expression
of the tumorigenicity of ras/myc cells, cell hybrids between
these cells and normal cells were made and analyzed. It was
found that the tumorigenicity and anchorage-independent

growth of the hybrid cells is reduced when compared to ras/
myc tumor cells. The nontumorigenic hybrids still express the
raÃand myc RNAs and high levels of the mutated form of the
p21 raÃprotein. Thus, the expression of tumorigenicity is not
due to the loss or lack of expression of the oncogenes.

When the hybrid cells are passaged, anchorage-independent

and tumorigenic variant cells arise and karyotypic analysis
shows that the hybrids which reexpress tumorigenicity have
lost only a few chromosomes; a nonrandom loss of chromosome
15, but no other chromosome, is observed.

Other observations from Barrett's laboratory also support

the importance of the loss of a tumor suppression gene in
carcinogen-induced neoplastic development (14). Carcinogen-
induced, immortal cell lines are neoplastically transformed by
ras oncogene alone, but the susceptibilities of cell lines vary.
Tumorigenicity and anchorage-independent growth are reces

sive traits in hybrids between chemically transformed cells and
normal Syrian hamster embryo cells. Some, but not all, im
mortal cells retain the ability to suppress tumorigenicity. This
ability decreases with passaging of immortal cell lines, and
subclones are heterogeneous in their ability to suppress tumor
igenicity. Also, the susceptibility of immortal cell lines to neo
plastic transformation by DNA transfection with viral onco
genes or tumor DNA is inversely correlated with suppressive
ability in cell-cell hybrids. Taken together these observations
indicate that neoplastic transformation of Syrian hamster em
bryo cells involves at least three steps: (a) induction of immor
tality; (b) activation of a transforming gene or oncogene; and
(c) loss of inactivation of a tumor suppression or growth arrest
function. The loss of the cell's ability to suppress tumorigenicity

appears to be a key step in the process of neoplastic progression.
Analysis of the findings of the laboratories of Stanbridge,

Sager, and Barrett allows an understanding of the paradox of
the dominant nature of oncogenes in DNA transfection exper
iments and the recessive nature of tumorigenicity in cell hybrids

between normal and tumor cell. Barrett discussed four possible
explanations to explain these seemingly disparate findings, (a)
The ability to suppress the tumorigenic phenotype may depend
on the genes activated. For example, ras transformed cells are
suppressed in hybrids with normal cells whereas cells trans
formed by DNA viruses are sometimes not. (b) The expression
of the neoplastic phenotype may depend on the dosage of the
putative tumor suppression and transforming genes. Benedict
and Stanbridge have published results which are consistent with
this hypothesis, (c) The putative tumor suppression gene is lost
either during the transfection process or during the selection
for the transformed cells The nonrandom loss of chromosome
15 in ras plus myc-induced Syrian hamster tumor cells may be

an example of this mechanism (13). (</)The ability of a cell to
suppress the tumorigenic phenotype may be dependent on the
stage of progression of the cell. The results presented by Barrett
(14) with different immortal cell lines illustrate this possibility.

S. M. Fischer noted that most experimental systems to study
oncogenes use embryonic cells and proposed that if a difference
exists between adult and embryonic cells (which needs to be
tested), then it is possible that either embryonic cells have
certain oncogenes constitutively activated or that adult cells
express additional tumor suppressor genes.

B. Howard reviewed the evidence for negative growth regu
lation in cultured mammalian cells which includes purification
of growth inhibitory proteins, loss of replicative ability in
heterokaryons formed between quiescent and normal cells, and
suppression of transformation in hybrids of normal and tumor
cells. He then presented recent studies from his laboratory on
transfer of growth inhibitory sequences by DNA-mediated gene

transfer (15). He briefly described recent gene transfer technol
ogy developed in his laboratory (16, 17) and discussed recent
attempts to apply this technology to identify DNA sequences
that function in an inhibitory mode and to investigate interac
tions between positive and negative growth regulatory genes.

The initial approach Howard and coworkers have taken is to
search for DNA sequences that can be inhibitory for the growth
of HeLa cells. An assay was developed which involves transfec
tion of HeLa S3 cells with a mixture of genomic DNA and a
marker plasmiti (pRSVneo), selection against cells that con
tinue to replicate (by treatment in spinner culture with BrdUrd/
Hoechst 33258 and fluorescent light), and selection of surviving
cells for neo expression. Data obtained with this assay appear
to have several surprising implications. First, activity of at least
one class of growth inhibitory sequences may be regulated by
epigenetic mechanism(s). Second, activation of such sequences
may occur in deep states of quiescence (and/or senescence).
Third, sequences with the potential for inhibiting growth may
be more abundantly represented in the mammalian genome
than previously suspected. Howard's results have led him to

speculate that several hundred to several thousand copies exist
per quiescent cell.

A complementary gene transfer approach is being developed
to study interactions between positive and negative growth
regulatory genes. The strategy in this latter approach is to
cotransfect two plasmids, the first carrying a growth regulatory
gene, the second a sorting vector coding for a novel cell surface
antigen. Sorting vectors currently being tested express either
vesicular stomatitis virus G protein (pMSV-G) or the interleu-
kin-2 receptor (pRSV-IL2). During the transient expression
phase (12-72 h following transfection), cells that display the

novel surface antigen can be selected by affinity sorting and, in
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principle, analyzed with respect to their replication status,
expression of the cotransfected growth regulatory gene, and/or
alterations in the expression of endogenous genes.

W. F. Benedict presented important evidence for the exis
tence of tumor suppression genes based on molecular and
cytogenetic analysis of tumor and normal cells from patients
who are predisposed to develop specific malignancies (18-20).
He pointed out that there appears to be two major classes of
potential human cancer genes. The first are oncogenes which
play a role in tumor formation of nonhuman cells by their
aberrant activation and expression. In contrast, there are defi
nite human cancer susceptibility genes which may produce
tumors following their inactivation or loss of expression. Such
inactivation could occur by deletion (either microscopic or
submicroscopic), mutation, or chromosomal translocation into
the gene itself. This class of genes is apparently recessive and
although they have been termed antioncogenes, the term "sup
pressor" or "regulatory" genes is preferred. Recessive cancer

susceptibility genes appear to have a particularly important role
in the development of tumors arising in early childhood or
adolescent years. However, they also may be responsible for
tumors in adults. Considerable information recently has been
published on two such cancer susceptibility genes. The first
gene is the "retinoblastoma" or Rb gene located at the Rb-1

locus. Besides producing retinoblastoma, this gene also is in
volved in the development of osteosarcoma. The second gene
is the "Wilm's tumor" gene located at the WAGR locus. This

latter gene recently has also been implicated in the formation
of hepatoblastoma and rhabdomyosarcoma, as well as Wilm's

tumor.
R. Wells discussed the interesting observations that embry

onic environments can regulate cancer cells. For example, the
mouse blastocyst can incorporate teratocarcinoma stem cells
resulting in chimeric mice, some of whose tissues include prog
eny of the cancer cells. This has been demonstrated in a number
of laboratories, although the exact results depend on the partic
ular line of teratocarcinoma which is employed. Some lines
produce few if any chimeras, some produce apparently normal
chimeras, and some produce abnormal chimeras which abort
or later develop tumors. In the chimeras little is known about
the "normalized cells" in terms of their chromosomes, their

propensity to revert to malignancy, etc. In one other chimeric
situation, hematological chimeras treated by injecting leukemia
cells into the mouse placenta, the tumor-derived inflammatory
cells seem to die out with time.

Wells and coworkers (22-24) have studied the regulation of
ECC2 by the mouse blastocyst using assays for suppression of

malignant behavior. These assays involve microinjection of
cancer cells into the central cavity of the embryo and then
transplantation into either a suitable adult host for tumor
formation by ECC or into tissue culture media suitable for
studies of colony formation by ECC. They have shown that
suppression of tumor formation has specificity for ECC as
opposed to developmentally unrelated types of cancer. Under
appropriate conditions this specificity can be reproduced in
vitro for suppression of colony formation. Using the colony
assay, regulation of ECC colony formation by the blastocyst
requires cell contact with the inner surface of trophectoderm,
and regulation of colony formation is a cell cycle related event

2The abbreviations used are: ECC, teratocarcinoma stem cells; TGF, trans
forming growth factor; NGF. nerve growth factor; EGF, epidermal growth factor;
PDGF, platelet-derived growth factor.

for ECC. The fluid milieu of the blastocoele may also be a
required factor in the regulation. The prototype ECC line
becomes incorporated in extraembryonic tissue during the reg
ulation, and it may be that the embryonic event they are probing
is the differentiation of primitive endoderm or trophectoderm.

In face of the logistic difficulties with blastocysts they recently
have studied the interactions of neural crest-derived tumors,
neuroblastoma and melanoma, with postimplantation embryos.
A particular focus has been tissues of origin, migration, and
end organs for neural crest cells.

C-I300 neuroblastoma was studied in a manner similar to

the work with blastocysts. Cancer cells were injected into spe
cific embryonic sites and then tumor cell-bearing fragments
were assayed for tumorigenicity in adult hosts. These studies
showed that the forming neural crest is not regulatory; however,
somites from neurula stage embryos (adjacent to the normal
migratory path) are regulatory and the regulation has specificity
for the target malignancy. Other tissues from this age embryo
(heart and brain) fail to regulate neuroblastoma, as did adult
liver tissue. A wide variety of organs from the 14-17-day
embryo (after migration and organogÃ©nesis) are inhibitory,
including adrenal, gland, kidney, heart, lung, and testis. This
may be mediated by a soluble substance(s) as shown by the
generation of inhibitory conditioned media in tissue culture.
Whether the effect of the somite is the same as that of the later
organ is not clear; they may be separate mechanisms. For
instance later embryos are a rich source of TGF/8.

The response of melanoma to the embryonic skin (the end
organ of melanoblast migration) was studied by //; utero trans
plantation of 500 cells into embryonic skin, followed by further
gestation, and the subsequent incidence of tumor was then
determined. These studies were based upon knowledge that
melanoblasts migrate into the skin of the back at 10 days but
do not reach the limb bud until 14 days. The numbers of animals
are small but the pattern seems clear. In the skin of the back,
regulation of tumor formation is greater at 10 days than 14
days. At 14 days the incidence is similar to that for melanoma
cells injected into newborn animals. In 14-day embryos limb
bud transplants yield half the incidence of melanomas as do
transplants into the skin of the back. Conditioned media from
these tissues have inhibitory activity for growth of melanoma
cells which parallels the tumorigenicity results. Purification of
the activity is being pursued.

D. E. Burstein reported the surprising finding that an onco
gene can induce neuronal differentiation in the neoplastic rat
pheochromocytoma PC 12 line. PC 12 cells are tumorigenic, but
will differentiate and stop dividing in vitro in response to nerve
growth factor (25, 26). Two of the three well-studied ras onco
genes, N-ras and H-ras, when transfected into PCI 2 cells induce
differentiation and cessation of cell division. Two other studies
using retrovirus infection or p21 microinjection demonstrated
similar effects on PC 12 cell differentiation (27, 28). However,
the nontransforming protooncogene N-ras is incapable of in
ducing differentiation. If protooncogene N-ras is situated in a
construct containing viral long terminal repeat sequences,
which can cause enhanced transcription of genes, then protoon
cogene N-roÃis capable of causing neuronal differentiation of
PC 12 cells, although with an efficiency which is 100-1000-fold
less than the oncogene N-ros.

The ras oncogenes are well-documented inducers of neoplas
tic transformation in immortalized fibroblast-like cells such as
NIH 3T3 cells. Their nontransforming protooncogene ana-
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logues are incapable of inducing transformation unless situated
in long terminal repeat-containing constructs and present in

abnormally large quantity. The ability of ras genes to induce
differentiation is thus a departure from established concepts of
oncogene actions. One surprising aspect of this finding is that
the abnormal rus gene rather than the normal gene is triggering
seemingly physiological pathways in PC 12 cells.

A second aspect of ras-induced PCI2 cell differentiation is
the instability of the ras-induced phenotype. Unlike NGF-
induced differentiation, ras-induced cells undergo progressive
somatic enlargement, and after 2-3 weeks, most cells undergo
degenerative changes. Thus, in PC 12 cells, ros-activated path

ways appear less regulated than pathways induced by NGF,
which cause a stable somatic enlargement with viable cells
persisting for months in culture. The PC 12 cell system is a
phenomenologically rich model of differentiation, with a num
ber of chemical probes. Additionally, PC 12 mutants are avail
able with altered cellular responses to NGF. For example, two
different mutant lines with absent or altered differentiating
response to NGF can undergo raj-induced differentiation. The

flexibility of the PCI2 cell system may thus be useful for
elucidating mechanisms of action of the ras genes in both
promotion of neoplasia and, in PC 12 cells, suppression of
neoplasia.

Moses in his concluding remarks discussed the evidence for
inhibitory growth factor molecules. He described the intriguing
observations that a substance which is a transforming growth
factor (TGF/3) for fibroblasts is also a growth inhibitory factor
for a variety of other normal cells. TGFs were originally defined
operationally by their biological effects on fibroblastic cells.
They cause morphological transformation in monolayer culture
and stimulate proliferation in soft agar leading to colony for
mation (29). Two TGFs (TGFÂ«and TGF0) have been purified
and cloned; the purified molecules, particularly TGF/3, have
been demonstrated to have many biological effects in addition
to those originally described.

TGFÂ« has significant sequence and structural homology to
EGF. TCPÂ«binds to the EGF receptor and apparently mediates
all of its effects through binding to this receptor, and the cell
culture effects of TGFÂ«are virtually identical to those of EGF.
TGF/3 bears little relationship to TGFa except in name. TGF/3
was first described as a growth stimulatory molecule by its
ability to stimulate mouse embryo-derived AKR-2B cells to

grow in soft agar. It is a highly ubiquitous molecule and has
now been purified from several normal tissues of which human
platelets are the most abundant source. The intact, active mol
ecule has a molecular weight of 25,000 and is composed of two
apparently identical disulfide-linked subunits of 12,500. TGF/3,
unlike TGFÂ«, has its own specific cell membrane receptors
which are highly ubiquitous (29).

TGF/Ã®stimulates growth in soft agar of murine AKR-2B and
3T3 cells, rat NRK cells, and secondary cultures of human
foreskin fibroblasts. All of the cells are mesenchymal in origin
and are either fibroblasts or fibroblast-like cells. TGF/3 stimu

lates DNA synthesis in quiescent monolayer cultures of mouse
AKR-2B cells without other added growth factors in a com
pletely defined medium, but with delayed kinetics relative to
stimulation with other growth factors. In an effort to determine
why TGF/3 stimulated DNA synthesis with unusual (delayed)
kinetics, the possibility that TGF/3 was acting as an indirect
mitogen through induction of endogenous growth factors was
examined. It was demonstrated that treatment of quiescent

cultures of AK.R-2B cells with TGF/3 resulted in an early
induction (within 20 min) of c-s/j mRNA (30). The rise in c-sis
mRNA was followed by a corresponding increase in PDGF-
like protein in the culture medium. In addition, PDGF-regu-
lated genes (c-fos and c-myc) were stimulated by TGF/3 with

delayed kinetics relative to that seen with direct PDGF stimu
lation. The data suggested that the monolayer mitogenicity of
TGB/3 is mediated by induction of c-sis and PDGF with the
subsequent autocrine stimulation of c-fos, c-myc, other PDGF

inducible genes, and DNA synthesis. Alternatively, induction
of endogenous growth inhibitory polypeptides such as i( inter-
feron may also be a possible explanation for the delay in TGF0-
stimulated DNA synthesis.

Recent studies have suggested an additional mechanism for
the soft agar growth stimulation by TGF/3. Ignotz and Massague
(31) have reported that TGF/3 induces the synthesis and release
of fibronectin and collagen. It was further shown that synthetic
peptides that blocked binding of fibronectin to its cell mem
brane receptor inhibited TGF/3 stimulation of growth in soft
agar. These results suggest that TGF/3 may be permissive for
soft agar growth of some anchorage-dependent cells by causing

the cells to secrete a matrix to which they may then attach
allowing growth.

Moses also reported that the chemically transformed deriva
tives of mouse fibroblast cell lines both produce and respond to
TGF/3. The nontransformed parent cell lines were found to
release as much TGF/3 into serum-free conditioned medium as
the chemically transformed derivatives. The TGF/3 released by
both the nontransformed and transformed lines was in an
inactive form that was irreversibly activated by acid treatment.
The physiological mechanism of activation of TGF/3 is not
known.

Moses and coworkers have recently shown that the growth
inhibitor originally described by Holley and coworkers from
African green monkey (BSC-1) cells is similar, if not identical,
to human platelet derived TGF/3 (32, 33). If the stimulatory
effect of TGFjS is mediated through induction of c-sis and
PDGF release, then stimulation of epithelial cells would not be
expected because almost no epithelial cells have receptors for
PDGF. Recently, Moses et al. (34) have demonstrated that
TGF/3 is a potent inhibitor of growth of secondary cultures of
human foreskin keratinocytes. The keratinocytes were demon
strated to be reversibly inhibited in their growth by TGF/3 with
most of the inhibited cells being in the (Â¡,phase of the cell
cycle. TGF,8 is also a potent inhibitor of human mammary
epithelial cells.3 Further, TGF/3 inhibits EGF simulation of

DNA synthesis in primary cultures of rat hepatocytes and
inhibits growth of human megakaryocytic and erythroid pre
cursors in primary culture. No epithelial cell type, either neo-

plastic or nonneoplastic, has been demonstrated to be stimu
lated to proliferate by TGF/J; the epithelial cells that have been
tested so far were either inhibited or showed no response to
TGF/3 under usual cell culture circumstances (32).

The mechanisms by which TGF/3 inhibits cell proliferation
are largely unknown. It is possible that TGF/3 is primarily an
inhibitor for all cell types and that stimulation of fibroblastic
cells is fortuitous through the induction of c-sis and autocrine

activity by PDGF which is the direct mitogen.
Moses has demonstrated that a squamous carcinoma cell line

has lost the inhibitory response to TGF/3 exhibited by normal
keratinocytes. The loss of the normal inhibitory response to

3 H. I.. Moses, unpublished observations.
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TGF/3 in epithelial cells could result in an enhanced prolifera-

tive potential producing the same effect as the activation of a
stimulatory response.

TGF0 is a highly ubiquitous molecule produced by a variety
of cell types in an inactive form. Most cells have receptors for
TGF/3. TGF/3 inhibits proliferation of most cell types tested
including normal epithelial cells. Thus, TGF/3 is primarily a
growth inhibitor and not a classical growth factor. Growth
stimulatory effects with TGF/3 have been observed only in
fibroblastic cells. In at least one circumstance, evidence has
been presented that the stimulatory effect of TGF/3 is indirect
through induction of c-sis and autocrine stimulation by PDGF-

like material. Increased autocrine stimulation by endogenous
TGF/3 in fibroblastic cells or decreased inhibitory effect of
TGF/3 in epithelial (or other cells normally inhibited by TGF/3)
could lead to an increased proliferative potential and thereby
contribute to the neoplastic phenotype. As noted by Sager,
production of growth inhibitory factors could be one mecha
nism of tumor suppression.

Workshop Assessment: Conclusions and Future Directions

It was the consensus of those in attendance at the workshop
that mounting evidence exists for negative growth control
mechanisms which are important in carcinogenesis. The loss
or inactivation of tumor suppressor genes appears to be an
important genetic event in neoplasia. Epigenetic control mech
anisms of tumor cell growth mediated by the cell's environment

and/or soluble growth inhibitory factors appear to exist also.
R. W. Loeppky pointed out that just as a clear picture seems
to emerge concerning our ability to understand one aspect of
carcinogenesis (i.e., oncogenes), new information on another
aspect (i.e., tumor suppressor genes) reveals the complexity of
cancer, which is consistent with the "multihit" nature of this

process.
D. S. Longnecker and G. W. Teebor noted that the workshop

provided another viewpoint regarding genetic changes in car
cinogenesis and this begins to provide a basis for assessing the
role of oncogenes in the perspective of other cellular changes.
Since three laboratories (Sager, Stanbridge, and Barrett) re
ported that tumorigenicity of different cell types is suppressed
even when the mutated p21 ras protein is expressed in the cells,
it is clear that oncogene activation (or over expression) is not
sufficient for tumorigenic conversion. Longnecker also pointed
out that the concept of growth inhibitory factors (e.g., chalones)
has been discussed as long as the oncogene hypothesis. The
complexity of the problem was emphasized by J. K. Christman
who cited Burstein's observations that activated ras "onco
genes" actually promote differentiation of PCI 2 rat pheo-

chromocytes. Thus, in different cell types changes in the same
gene may promote or inhibit carcinogenesis.

All the speakers and participants agreed that future efforts
should be directed at isolating and characterizing the genes
involved in tumor suppression. The difficulty of this problem
was also recognized. Current evidence from inherited cancer
susceptibility suggests that different tumor suppressor genes
are involved in different tumors. In addition to these presum
ably single copy genes, the results of Howard indicate that
genes in high copy number may also under certain circum
stances be important in regulating growth. Christman com
mented that Howard's finding might indicate that amplification

of genes involved in suppressing cell division may play a role
in cellular senescence.

Another important direction for research in this area is an
understanding of the role of chemical carcinogens in mutating
or regulating tumor suppressor genes. As reviewed by Benedict
evidence for mutations of tumor suppressor genes exist from
studies of retinoblastoma and Wilm's tumors. Unfortunately

no experimental system in animals or cell cultures currently
exists to study the action of carcinogens on these genes. Howard
emphasized that the results of Wells indicate that epigenetic
rather than mutational mechanisms may be involved in con
trolling expression of malignancy.

The potential importance of understanding tumor suppressor
genes and growth inhibitory processes was emphasized by Lo
eppky who expressed the hope that this research may lead to
identification of molecules which mimic the biological action
of these genes and factors which may be effectively utilized in
cancer treatment.

J. Carl Barrett (ed.)4

Environmental Carcinogenesis Section
National Institute of Environmental Health Sciences
P.O. Box 12233
Research Triangle Park, North Carolina 27709
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