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Tumor Suppressor Genes

ROBERT A. WEINBERG

For the past decade, cellular oncogenes have attracted
the attention of biologists intent on understanding the
molecular origins of cancer. As the present decade
unfolds, oncogenes are yielding their place at center

stage to a second group of actors, the tumor suppressor
genes, which promise to teach us equally important
lessons about the molecular mechanisms of cancer
pathogenesis.

HE PROLIFERATION OF NORMAL CELLS IS THOUGHT TO BE

regulated by growth-promoting proto-oncogenes counter-

balanced by growth-constraining tumor suppressor genes.
Mutations that potentiate the activities of proto-oncogenes create
the oncogenes that force the growth of tumor cells. Conversely,
genetic lesions that inactivate suppressor genes liberate the cell
from the constraints imposed by these genes, yielding the uncon-
strained growth of the cancer cell. These two end results—
deregulated growth resulting from oncogene activation or from
suppressor gene inactivation—would seem to be similar if not
identical. However, accumulating evidence suggests that they are
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indeed quite different physiologically and that the progression of
many tumors to full malignancy requires both types of changes in
the tumor cell genome.

The existence of tumor suppressor genes becomes most appar-
ent when they are missing from cell genomes. This simple fact
underlies the experimental difficulties in studying them and the
attendant 10-year lag of this research behind that focused on
oncogenes. But these barriers to progress have now been
breached, due in large part to recently developed strategies of gene
isolation. As a consequence, tumor suppressor genes promise as
rich a harvest in the 1990’s as oncogenes yielded a decade earlier
(1). This review attempts to place these genes in a conceptual
framework and to discuss in some detail six of these that have been
isolated as molecular clones.
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A Brief History of Tumor Suppressors

The evidence for the existence of tumor suppressor genes con-
verged from several distinct lines of work. Early evidence came from
somatic cell hybridization, which showed that fusion of tumor cells
with normal cells almost invariably results in the outgrowth of
nontumorigenic hybrids (2). These experiments showed that the
normal cells were donating genetic information capable of suppress-
ing the neoplastic phenotype of their tumor cell partners. By
extension, the tumor cells lacked this genetic information, having
lost it during their evolution from normalcy to malignancy.

These hybrid cells had unstable karyotypes and frequently shed
chromosomes originating from one or another parent. When the
chromosomes from the normal parent were lost, the hybrid cells
would often revert back to a tumorigenic state. Correlation of this
reversion to tumorigenicity with the loss of specific normal chro-
mosomes led to the conclusion that these chromosomes carried
genes that were missing from the genomes of tumor cells and could
act to normalize the growth program of the cancer cells (3). In sum,
this work provided the first clue that cancer cells often lose critical
growth-regulating information during their progression toward to
full malignancy.

Human genetics provided a second clue that suggested the
existence of tumor suppressor genes. Twenty years ago, Knudson
postulated that the rare childhood eye tumor retinoblastoma is
triggered by two successive lesions in the cell genome (4). In

Table 1. Suppressor genes in human tumors.

Detected by cell hybridization or chromosome transfer*

Chromosomal
location Tumor type
1p Neuroblastoma
3p Renal ca.
6 Endometrial ca.
9 Endometrial ca’
11 Neuroblastoma (81); cervical

ca. (82); Wilms tumor

Detected through loss of heterozygosityt or direct molecular probing

Chromosomal Tumor type
location

1p Melanoma; MEN type 2; neuroblastoma; medullary
thyroid ca; pheochromocytoma; ductal cell ca.

1q Breast ca.

3p SCLC; adeno ca. of lung (83); cervical ca.; von
Hippel-Lindau disease, renal cell ca.

5q Familial adenomatous polyposis; colorectal ca.

9q Bladder ca. (84)

10q Astrocytoma (85); MEN type 2 (86)

11p Wilms tumor; rhabdomyosarcoma; breast ca.;
hepatoblastoma; transitional cell bladder ca. (84),
lung ca. (87)

11q MEN type 1 (88)

13q Retinoblastoma; osteosarcoma; SCLC; ductal breast
ca.; stomach ca.; bladder ca.; colon ca. (17)

17p SCLC; colorectal ca.; breast ca., osteosarcoma;
astrocytoma (89) squamous cell lung ca. (90);
others in reference (97)

17q NF type 1 (23)

18q Colorectoral ca. (8)

22q NF type 2 (92); meningioma; acoustic neuroma;

pheochromocytoma

*Data are from Table 1 of (1) and references therein, unless otherwise noted. ~ tData are
from Table 2 of (1), unless otherwise noted. MEN, multiple endocrine neoplasia; SCLC,
small cell lung carcinoma; NF, neurofibromatosis; ca, carcinoma.
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proposing this, he addressed the two forms of this disease—familial
and sporadic. In sporadic retinoblastoma, seen in children without a
family history of the disease, he argued that both lesions are
sustained in the retinal cell lineage as somatic mutations occurring
long after conception. For familial retinoblastoma, he proposed that
one of the two mutations is acquired from a genetically afflicted
parent or originates during gametogenesis; the second required
mutation then occurs as a somatic event.

This work had little apparent connection with tumor suppressor
genes until the nature of these germline and somatic mutations
became apparent; they serve to inactivate a chromosome 13-
associated gene termed RB. Such a conclusion was first indicated by
karyotypic analyses that occasionally uncovered interstitial deletions
that involved the ql4 band of chromosome 13 prepared from
retinoblastoma tumor cells (5). An elegant series of genetic analyses
culminating in 1983 led to the proof that Knudson’s two elusive
genetic targets were the two copies of the 13ql4-associated RB
gene, and that the two mutational events proposed by him involved
the inactivation of both functional copies of this gene (6).

The demonstrated loss of RB gene function caused this gene to
become allied with the “tumor suppressing” genes uncovered
through cell fusion experiments. In both cases, critical genetic
information was apparently lost from tumor cell genomes. More-
over, it became clear that single inactive RB alleles act within cells
throughout the body in a recessive manner, as children who are
effectively hemizygous for RB undergo essentially normal develop-
ment. Only the rare cell that loses its remaining wild-type allele
shows evidence of growth deregulation.

A third route for discovering tumor suppressor genes was sug-
gested by the genetic mechanisms used by evolving tumor cells to
climinate both copies of genes like RB. The first copy of a
suppressor gene is inactivated by a somatic (or a germline) muta-
tion. The chromosomal region carrying the surviving wild-type
allele may then be replaced by a duplicated copy of the homologous
chromosome region that carries the mutant allele. This elimination
of the wild-type allele, which may be accomplished by mechanisms
like chromosomal nondisjunction, mitotic recombination, or gene
conversion, occurs with a frequency as high as 1073 to 10~* per cell
generation. This mechanism is therefore greatly favored over inde-
pendent knockouts of the second copy of the gene, which occur with
a frequency of 107 per cell generation. Most tumors that lack
functional copies of a suppressor gene (like RB) display two
identically mutated alleles.

These steps that lead to homozygosity of a mutant suppressor
allele usually involve the flanking chromosomal regions as well.
Accordingly, anonymous DNA markers mapping to nearby chro-
mosomal sites, which may have shown heterozygosity prior to
tumor progression, will suffer a parallel reduction to homozygos-
ity [or loss of heterozygosity (LOH)]. Indeed, the repeated
observation of LOH of a specific chromosomal marker in cells
from a particular tumor type suggests the presence of a closely
mapping tumor suppressor gene, the loss of which is involved in
tumor pathogenesis (7). For example, a chromosome 18q DNA
marker that is highly polymorphic (and therefore heterozygous in
most genomes) was found in a homozygous state in 70% of
advanced colon carcinomas (8). This suggested the presence of a
suppressor gene locus mapping nearby on the chromosome,
although the precise localization and identification of the gene still
required extensive molecular cloning.

To generalize, one can cast a broad net for tumor suppressor loci by
using a large repertoire of polymorphic DNA markers to survey system-
atically tumor cell genomes, looking for repeated instances of LOH (7).
Indeed, this genetic strategy has revolutionized the research field. The
fruits of these various search strategies are displayed in Table 1.
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Congenital Cancer Predisposition

Cancer-predisposing alleles must operate under narrow con-
straints. They may not deregulate cell growth to a substantial extent
during development, lest the resulting dysmorphogenesis lead to
embryonic or fetal lethality. Often their action may become manifest
only after two or three decades of life, a delay that is essential if the
allele is to be passed on to the succeeding generation to create a truly
familial disease. These prerequisites may well explain why the
tumor-causing alleles of proto-oncogenes (that is, “activated” onco-
genes) have never been found to be transmitted in the germ line.
Activated oncogenes almost invariably act dominantly on cell phe-
notype and their presence would seem to be too disruptive for
normal development. In contrast, the recessive action of mutant
suppressor gene alleles permits any resulting phenotypic effects to be
delayed for long periods of time after conception. These alleles are
effectively latent until they are exposed by a reduction to homozy-
gosity in one or another cell.

Two other factors conspire to limit or delay the phenotypic effects
of suppressor gene inactivation. First, only a subset of the cell types
present during a particular stage of development may respond to the
homozygous loss of a suppressor gene by exhibiting some type of
growth deregulation (for example, RB inactivation affecting only
primitive retinoblasts in the early years of life). Second, most cell
types would appear to require a succession of genetic changes that
affect multiple distinct genes before they will proliferate into tumor
cell masses (9).

Mechanisms of Action of Tumor
Suppressor Genes

. A goal of those studying tumor suppressor genes is to understand
the functions of these genes in normal cell physiology and the
reasons why their elimination contributes to uncontrolled growth of
tumor cells. One productive way of rationalizing how these genes
function comes from a focus on the interactions between a normal
cell and its neighbors within a tissue. Intercellular communication
would appear to be the primary means of ensuring the architectural
integrity of normal tissue. Implicit in this is the notion that normal
cells make few, if any, decisions autonomously and rely instead on
cues received from their surroundings.

Individual cells within a tissue must receive two types of growth-
regulating signals from their environment. One class of contextual
signals are growth-promoting; cells encourage growth of their
neighbors through mitogenic signals, conveyed largely by polypep-
tide growth factors (10) (see the article by S. Aaronson, this issue).
Many of the proteins encoded by cellular oncogenes constitutively
activate intracellular signaling pathways used by the normal cell to
process exogenous mitogenic stimuli. In this way, oncoproteins
induce a cellular state similar to that experienced when a normal cell
is exposed to growth factors. As a consequence, the oncogene-
bearing cell acquires growth autonomy, as it is no longer dependent
on mitogenic stimuli from its surroundings. ‘

Cells must also actively inhibit the growth of their neighbors. One
way of conceptualizing how tumor suppressor genes and .their
products normally function is as follows: they are components of the
intracellular signaling pathways that enable a cell to receive and
process growth-inhibitory signals from its surroundings. When a
cell loses critical components of this signaling network, it loses
responsiveness to certain extracellular growth-inhibitory signals
even though these signals may still be present in its environment. In
this sense, the products of the various suppressor genes should not
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be seen as intrinsically cytostatic factors; rather, they serve as
transducers of negative growth signals that originate elsewhere
inside or outside the cell.

Independent of the details of normal biological function, this
model provides an operational definition of a tumor suppressor
gene: a genetic element whose loss or inactivation allows a cell to
display one or another phenotype of neoplastic growth deregula-
tion. Such a definition excludes genes that are cytostatic or cytotoxic
when introduced into a cell and inappropriately overexpressed. Thus,
many genes and gene products will antagonize growth when they are
forced on a cell by cloning and gene transfer, but this provides no
testimony as to whether these genes are normally used by the cell to
down-regulate its own proliferation or whether loss of such genes
confers growth advantage on evolving, premalignant cell clones.

The exogenous signals that normally persuade a cell to cease
proliferating appear to be conveyed by a variety of molecules that are
poorly characterized. One type of signal is suggested by the contact
inhibition displayed by normal cells growing in monolayer culture
(11). This phenomenon suggests that cell-to-cell contact mediated by
still unknown surface molecules allows a cell to sense the presence of
close neighbors and to shut down its growth program in response.

Diffusible growth inhibitors would also seem to play an important
role in carrying intercellular anti-mitogenic signals. A substantial
literature testifies to the importance of gap junctional communica-
tion as an important means of passing growth-inhibitory signals
between cells (12). This suggests the exchange of low molecular
weight signaling molecules (<1000 daltons) able to pass through
these channels, but their precise nature is obscure.

Equally important are hormones and macromolecular growth
inhibitors that may be passed between cells. The most well known of
these is TGF-B (tumor growth factor-f), which, in its three
polypeptide variant forms (types 1, 2, and 3), inhibits growth of a
variety of cell types (13). Other polypeptides and hormones that
induce end stage differentiation should be seen in the same light;
they, too, act to persuade a cell to stop growing by inducing it to
enter a post-mitotic state.

How does a cell respond to these various negative signals?
Growth shutdown is achieved via three alternative responses. Most
simply, a cell in exponential growth may pause in one or another
phase of its growth cycle. Often mentioned in this context is a
hold-up at the end of the G1 phase just prior to DNA synthesis (S
phase) (14). Alternatively, cells may be induced to undergo an end
stage, post-mitotic differentiation (15). This represents an irrevers-
ible commitment and serves once again to limit cell proliferation.
Most drastic is a commitment by the cell to undergo senescence
(aging) or apoptosis (programmed cell death) (16).

Together, these responses define the arena of action of suppressor
genes and their encoded proteins. Biochemically they serve as
transducers of anti-proliferative signals; biologically, they serve as
part of the response machinery that enables a cell to stop progression
through the cell cycle, to differentiate, to senesce, or to die.

Our understanding of suppressor gene biology, as sketched in
rough outline above, lags far behind the molecular descriptions of
these genes and their products. Below are six anecdotes woven around
six well-studied suppressor genes. Because this narrative is told from
the perspective of the individual cell, I will begin with a gene whose
product functions at the cell exterior, and then move inward.

The Deleted in Colon Carcinoma (DCC) Gene

Carcinogenesis in the colon is particularly well studied by virtue
of the accessibility of this organ through colonoscopy. The process
of tumorigenesis in the gut clearly involves multiple steps. These
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include hyperplastic but otherwise normal appearing epithelium,
adenomatous polyps at various stages of dysplasia, noninvasive, and,
ultimately, invasive carcinomas.

The availability of biopsy material representative of these stages of
colonic tumor has made it possible to develop a chronicle of somatic
mutations that accompany and apparently underly each of these
conversions. Of the large (but not small) adenomas, 60% carry a
mutated, activated allele of the oncogene K-ras; LOH on chromo-
some 5 is seen almost as frequently at these early stages. The
subsequent evolution of these polyps into frank carcinomas is
accompanied in a majority of tumors by the inactivation-mutation of
the chromosome 18-associated DCC tumor suppressor gene and,
subsequently, the p53 suppressor gene on chromosome 17 (17, 18).

This order of events is not followed precisely during the forma-
tion of every colonic tumor, but represents only a favored route.
Nonetheless, we learn several important concepts. First, multistep
carcinogenesis can be rationalized by a series of definable genetic
changes that are successively accumulated in the genome of the
evolving cancer cell. Second, carcinogenesis can (and may often)
involve both the activation of oncogenes and the inactivation of
suppressor genes. In most colon carcinomas, these alterations seem
to be effected through somatic mutations.

DCC was uncovered through the use of polymorphic DNA
markers that showed a loss of heterozygosity of the long arm of
chromosome 18 in the 18q21.3 region (8). Such an LOH suggested
the elimination of the wild-type copy of a suppressor gene in this
chromosomal region and its replacement by a duplicated copy of an
already mutated recessive allele. Vogelstein and co-workers, who
catalogued the successive genetic changes in colon carcinogenesis
(19), proceeded to isolate the DCC gene, which encompasses more
than one million base pairs (20).

The amino acid sequence deduced from the nucleotide sequence
of DCC showed that it encodes a 190-kD transmembrane phospho-
protein having the attributes of a cell surface receptor (19). The
presence of fibronectin type III and C2 immunoglobulin-like re-
gions in its extracellular domain are reminiscent of similarly struc-
tured cell adhesion molecules (CAMs) and suggest binding to an
extracellular matrix or basement membrane component (21). None-
theless, it is unlikely that the DCC protein is simply a mechanical
device that tethers the cell to the extracellular matrix. Rather, it is
likely to be a signal-transducing receptor whose loss confers a
growth advantage on evolving tumor cells.

While the extracellular ligand for DCC is not known, it is
probably widely distributed, as DCC is expressed in a large number
of cell types. The chromosome 18q LOH is seen in other tumor
types (22), and this suggests a function for DCC in human
carcinogenesis far broader than that initially suspected.

The Neurofibromatosis Tumor Suppressor
Gene

Von Recklinghausen neurofibromatosis (NF-1) affects ~1 in
3500 in the general population. It involves cells originating in the
embryonic neural crest and creates a variety of benign growths,
including neurofibromas and café-au-lait spots on the skin, neurofi-
bromas of spinal and peripheral nerves, pheochromocytomas, and,
occasionally, malignant tumors such as Schwannomas and neurofi-
brosarcomas. Like retinoblastoma, this disease is triggered by
predisposing alleles acquired from an affected parent or, with equal
frequency, by alleles created through new germline mutations.
Elegant molecular techniques were used to isolate the NF-1 gene,
located in the 17q11.2 chromosomal region (23).
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The protein encoded by the NF-1 complementary DNA (cDNA)
shares structural similarity with three proteins that interact with the
products of the ras proto-oncogene (24). The closest structural
relatedness found to date is shared with the IRAl and IRA2
proteins of the yeast Saccharomyces cerevisiae, with lesser similarity
shared with the GTPase (guanosine triphosphatase)-activating pro-
tein (GAP) of mammals (24, 25). These structural similarities
suggest that NF-1 participates in a much-studied but poorly under-
stood signaling pathway triggered by the p21™ proteins, likely
operating at the cytoplasmic face of the plasma membrane.

Like the o subunits of the heterotrimeric GITP (guanosine triphos-
phate) binding proteins (G proteins), p21™ is probably excited by an
activator upstream in its signaling pathway and probably passes these
signals on to a downstream target (its effector). p21" can exist in
either a physiologically quiescent GDP-binding state or an GTP-
binding signal-emitting state. Oncogenic p21™ proteins are trapped
in the excited, signal-emitting state because the mechanism normally
employed to delimit their excitation period, hydrolysis of their bound
GIP to GDP, is dysfunctional as a result of mutations that alter
protein structure. As a consequence, oncogenic p21™ remains in the
excited state for extended periods of time rather than for the brief
interval typical of its normal counterpart (25).

GAP and NF-1 potently stimulate the GTPase activity intrinsic to
p21™. Indeed, interaction of p21™ with GAP can increase hydrol-
ysis of p21-bound GTP by as. much as a 1000-fold (26). This
stimulated GTPase activity and the resulting down-regulation of
p21™ function are compatible with two alternative physiologic
schemes: (i) GAP down-regulates activated p21™. Thus, GAP may
intercept activated (GTP-binding) p21™ before it has a chance to
seck out and stimulate its effector; by causing p21 to hydrolyze its
bound GTP, GAP succeeds in aborting the excitation period of p21™,
thereby interdicting signal flow to the bona fide effector. (ii) GAP is a
downstream effector that becomes excited when it encounters activat-
ed p21™. Having received an excitatory pulse from activated, GTP-
binding p21™, GAP will release its own, downstream mitogenic
signal and then cause the p21™ molecule to hydrolyze its GTP,
thereby terminating their brief but productive encounter.

Alterations of GAP are not known to be associated with any
pathology. However, deletions of NF-1 from neuroectodermal cells
leads to tumors like neurofibrosarcomas. NF-1 may act as a pure
down-regulator of p21™ and block ras-mediated mitogenic signal-
ing; this is consistent with the apparent function of NF-1 as an
anti-proliferative protein. In the absence of NF-1, a neuroectoder-
mal cell might lack the device that it uses to dampens ras mitogenic
signals. Cancer may then ensue.

An alternative model is that NF-1 acts as a downstream effector
and down-regulator of p21'*. p21™ can act as a source of either
mitogenic or differentiation-inducing signals, depending on cell type
(27). In one well-studied pheochromocytoma, representing a neu-
roectodermal cell related to the precursors of neurofibromas, p21"*
can induce differentiation rather than the proliferation seen in many
other cell types. Thus, p21™ might use several alternative down-
stream effectors, depending on whether it releases a mitogenic signal
(for example, via GAP) or a differentiative signal (for example, via
NF-1). By this logic, a neurofibroma cell may proliferate abnormally
because it lacks NF-1, which normally transduces signals causing it
to differentiate. In such a cell, all of the signaling energy of p21™*
may then be deflected toward mitogenesis.

The Retinoblastoma Gene

The RB gene encompasses 180 kb of DNA mapping to chromo-
some 13ql4 (28) and encodes a 105-kD nuclear phosphoprotein
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(pRB) (29). The nuclear localization of pRB and its DNA binding
ability suggest a role in transcriptional regulation. Its tissue.distri-
bution (30) would imply participation in growth regulation in a
variety of cell and tumor types. However, RB gene inactivation
seems restricted to a narrow subset of tumors. Aside from the
retinoblastomas and osteosarcomas that are seen because of germline
heterozygosity at the RB locus (31), RB inactivation has been
observed in retinoblastomas and sarcomas of purely somatic muta-
tional origin, and in several other, more common tumors in which
gene inactivation is also presumed to derive exclusively from somatic
events. These include most if not all small cell lung carcinomas, as
well as a portion of non-small cell lung, bladder, and breast
carcinomas (32).

Interest in pRB was increased substantially when it was discov-
ered that this protein exists within DNA tumor virus—transformed
cells in the form of complexes with various virus-encoded oncopro-
teins. Human adenovirus, SV40, and human papillomavirus (HPV)
each specify an oncoprotein—E1A, large T antigen, and E7, respec-
tively—that forms complexes with the host cell pRB (33).

The ability of these viral oncoproteins to complex with pRB
suggests that these DNA tumor viruses transform cells through their
ability to cripple a vital cellular growth-suppressing mechanism. By
targeting pRB for complex formation, these viral proteins may
inactivate its function, thereby mimicking the state seen in sponta-
neous human tumors that have lost pRB function through inacti-
vation of the RB gene. In either case, the cell is liberated from
growth constraints imposed by pRB.

The viral oncoproteins share a small region of structural simi-
larity that appears to be involved in mediating complex formation
with pRB (34). pRB, on its side, has a complementary oncopro-
tein-binding pocket that is a common target for the three viral
proteins (35). Most intriguing is the observation that this onco-
protein-binding region is almost invariably affected in mutant
pRB proteins isolated from human tumor samples (36). This is
puzzling because these tumors did not confront DNA tumor virus
oncoproteins during their progression to malignancy. What ad-
vantage could they gain from altering the oncoprotein-binding
pocket of pRB?

One attractive solution to this puzzle is that these viral onco-
proteins are structural mimics of a cellular protein that must bind
to pRB in order for pRB to exert its growth-suppressing actions.
Mutations in this pRB domain would then prevent its association
with this cellular oncoprotein “homolog.” By the same token,
occupancy of this pRB domain by one or another viral oncopro-
tein may preempt and thus preclude its association with the
endogenous cellular homolog. Via either mechanism, this associ-
ation fails to occur, and pRB’s agenda of growth-suppression,
which depends on binding to this cellular partner protein, is
frustrated. Recently, recombinant forms of the pRB oncoprotein-
binding domain have been used to demonstrate specific associa-
tions with a number of host cell proteins (37). This provides
strong indication of the existence of cellular proteins with onco-
protein-like domains.

pRB switches between a hyperphosphorylated and relatively
unphosphorylated state in a cell cycle-specific manner. It is
underphosphorylated in G1, becomes heavily phosphorylated just
prior to the G1 to S transition, remains phosphorylated in S, G2,
and most of M, and reverts to an underphosphorylated state at or
before the M-G1 transition (38). This suggests but does not prove
that pRB is involved in regulating the cell’s progression through
its growth cycle.

Importantly, all three viral oncoproteins bind to the underphos-
phorylated form of pRB. These viral proteins apparently deregulate
cell growth by specifically targeting the underphosphorylated form
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of pRB and ignoring the phosphorylated form, which may therefore
be inactive and thus not worthy of their attentions (39). This leads
to the surmise that pRB is active in growth suppression only in GO
and Gl, and is phosphorylated and rendered inactive for the
remainder of the cell cycle. In line with this thinking is the finding
that unphosphorylated pRB binds tightly to a still unidentified
nuclear partner protein via its oncoprotein-binding domain, while
phosphorylated pRB is incapable of doing so (40). Interaction of
pRB with this nuclear partner is crippled in the mutant pRB forms
isolated from human tumors. This suggests that such binding is
indeed critical to growth suppression by pRB and that the ability to
suppress growth may be limited to the GO and G1 phases of the cell’s
growth cycle. Further, it is possible that the afferent signals regulat-
ing pRB activity come from cell cycle-regulated kinases such as
Gl-specific cyclin: cdc2 kinase complexes.

None of this provides clear insight into the nature or the efferent
downstream signals that pRB releases in order to shut down
growth. One provocative result comes from work on kerati-
nocytes, which, when treated with TGF-B, turn off transcription
of the myc gene and stop proliferating (apparently at the end of
G1). In contrast, keratinocytes that carry a pRB-binding oncopro-
tein continue to express myc in the presence of TGF-B (41),
suggesting that pRB acts as an intermediary in the signaling
pathway between the TGF-B receptor and down-regulators of myc
transcription. When pRB is removed from this pathway through
oncoprotein sequestration, myc is freed from down-regulation by
TGEF-B. By extension, cells that carry mutated RB alleles might
show deregulated myc transcription, which may in turn drive their
growth. Cells transfected with the RB cDNA show reduced
transcription of fos (42). It is possible that the loss of pRB func-
tion uncouples proto-oncogene expression from negative up-
stream regulators, thereby mimicking the constitutive expression
seen when these same genes are converted into oncogenes by
cis-acting mutations.

A distinct mechanism is suggested by another line of work that
shows direct physical interaction between the RB protein and two
proteins that are known or suspected to be transcription factors. The
first and better characterized of these is between pRB and the
cellular E2F transcription factor, encountered originally through its
ability to up-regulate the adenovirus E2 promoter (43). This E2F
factor is suspected to bind to a number of host cell promoters, the
activity of which it presumably regulates.

E2F activity is increased in the cell in response to mitogens (43).
On this basis, it appears likely that E2F, like the Myc protein, acts as
a transcription factor responsible for orchestrating a part of the cell’s
mitogen-induced growth program. Complex formation with pRB
may well alter E2F activity. However, when the E1A viral oncopro-
tein complexes with pRB, then the latter releases any bound E2F
(43). This might suggest that the viral E1A protein can act through
its ability to liberate growth-promoting transcription factors from
the clutches of pRB. Only the underphosphorylated form of pRB,
which is suspected to be active in growth suppression, is able to bind
E2F. A similar set of interactions with pRB and E1A has been
ascribed to the transcription factor DRTF1, which may in fact be
identical to E2F (44).

An analogous, though less well-characterized interaction has
been uncovered between pRB and the cellular Myc protein (45).
As before, pRB may act by binding and possibly sequestering a
growth-promoting transcription factor, in this case, Myc. This
would suggest that E2F and Myc are analogously acting regula-
tors, each assigned to choreograph part of the cell’s response to
mitogens. Their activities as well as those of yet other analogous
factors may be modulated or inhibited through sequestration by
pRB.
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The p53 Gene

p53 is a rule-breaker that follows few of the principles used to
define other tumor suppressor genes. In spite of this perversity, its
true nature has emerged: it, too, acts as a negative regulator of cell
growth. p53 was found initially through its association with SV40
large T oncoprotein in virus-transformed cells and soon after as an
over-expressed antigen in chemically transformed sarcoma cells (46).
Because of its nuclear localization, it was thought initially to
function in cell transformation like the oncogene-encoded Myc
protein. Indeed, in SV40-transformed cells, p53 protein concentra-
tion is dramatically increased, reminiscent of the deregulation of myc
expression seen in a number of tumor models (46, 47). Most
provocative was the early finding that p53 cDNAs, like plasmids
carrying oncogenic alleles of myc, could collaborate with cotrans-
fected ras oncogenes in the transformation of embryo fibroblasts
(48).

Some of these results placed p53 in the oncogene camp, but this
was a mirage, as the initially used p53 cDNA clones were mutants.
Wild-type p53 cDNAs were later found to be strongly growth-
suppressive and inhibitory of transformation (49). Moreover, a small
number of tumors were found in which the p53 alleles were absent
or clearly inactivated. This meant that wild-type p53 acts to suppress
growth and transformation, while mutant alleles favor cell growth.
Many mutant p53 alleles favor growth and transformation in cells
that continue to carry intact, wild-type p53 gene copies; accordingly,
such mutant p53 alleles act in a dominant fashion vis a vis the
wild-type p53 allele.

These observations can be rationalized through a simple model
that argues that p53 acts biologically as a tumor suppressor gene
whose genetics are dictated by the unusual biochemistry of its
encoded protein. Unlike the other suppressor proteins, the normal
form of p53 within the cell appears to assemble into homotetramers
and higher order homo-oligomeric structures (50). Defective sub-
units of such an oligomerizing protein (for example, mutant p53
molecules) may participate in forming a multi-subunit complex
together with wild-type monomers and, in so doing, poison the
function of the complex as a whole (51).

One further insight comes from the discovery that the cellular
heat shock protein Hsc70 is often bound up into these mixed
complexes of mutant and wild-type p53 molecules (52). Hsc70 may
act as a chaperone that brings p53 subunits together and helps them
to oligomerize. The presence of Hsc70 in these complexes suggests
that the usual brief dalliance of Hsc70 with p53 has turned instead
into a tight embrace from which the partners cannot extricate
themselves; for unknown reasons, the mutant p53 subunits cause a
normally fleeting interaction to hang up at some inauspicious
sticking point. As a consequence, large numbers of mutant and
wild-type p53 proteins and Hsc70 become trapped in long-lived,
unproductive complexes (often in the cytoplasm), and the cell’s
nucleus is deprived of active p53 complexes, which it requires for
negative growth regulation. Wild-type, active p53 normally has a
lifetime of only 20 to 30 min (53), and cells that carry mutant p53
alleles may accumulate steady-state concentrations of p53 that vastly
exceed those seen in the normal cell.

Viral oncoproteins like SV40 and adenovirus E1B seem to mimic
this state by sequestering p53 in inactive complexes that increase
steady-state p53 concentrations, but prohibit p53 from reaching its
normal site of action in the nucleus (47, 54). The human papilloma
virus E6 oncoprotein seems to achieve a similar end result through
another trick: by associating with recently synthesized p53 mole-
cules, it tags them for rapid destruction, apparently at the hands of
the cell’s ubiquitin-dependent proteolytic machinery (55).

p53 and pRB show several parallels: they are both growth-
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suppressing proteins found in the nucleus and both are targeted for
sequestration (or destruction) by the oncoproteins of SV40, aden-
ovirus, and human papillomavirus. It appears that both proteins
must be eliminated from the cell’s growth-suppressing circuitry in
order for full viral transformation to occur. This suggests that p53
and pRB serve distinct, even complementary functions in growth
regulation, a point made as well by the observation that both p53
and RB genes are affected by mutations in many human osteosar-
comas (56).

The similarities between p53 and RB are further extended by the
recent finding that mutant p53 alleles can be passed through the
germline where they may serve as congenital determinants of cancer
predisposition (57). Members of families afflicted with the Li-
Fraumeni syndrome show tumors appearing in a variety of organ
systems including rhabdomyosarcomas, adrenocortical carcinomas,
brain tumors, leukemias, melanomas, and carcinomas of the breast,
lung, larnyx, and colon.

Somatic mutations of p53 have been implicated as causal events in
the formation of a large and ever increasing number of common
tumors, including those involving the hematopoietic organs, bladder,
liver, brain, breast, lung, and colon, and other less common tumors
including rhabdomyosarcomas (56, 58). In fact, p53 is already docu-
mented as the most frequently mutated gene in human cancer.

Why is p53 such a popular actor? To begin, it may be a centrally
important growth regulator in many cell types. But its genetic and
biochemical traits are important as well. Point mutations create
carcinogenic p53, and such simple genetic changes occur readily.
Moreover, unlike the ras genes, where point mutations productive
for cancer are limited to two or three codons, the cancer-favoring
missense mutations of p53 can occur in at least 30 distinct codons in
its reading frame (59). In addition, these point mutations often
create dominant alleles that produce shifts in cell phenotype even
without a reduction to homozygosity.

One inconsistency is inherent in this description of p53 genetics.
If point mutations of p53 create dominant negative alleles that
disrupt normal cell regulation and thus embryological development,
how can such alleles be tolerated and passed in the germline of
Li-Fraumeni families? The answer here may stem from yet another
subtlety of p53 genetics. The various mutant alleles seen in tumors
and encoding a variety of amino acid substitutions would seem to
range from minimally dysfunctional to strongly penetrant, dominant
negative alleles. Li-Fraumeni p53 alleles may well be weak alleles that
lack dominant negative activity and are thus tolerable during
ontogeny.

None of this tells us the nature of the signals transduced by p53.
Like pRB, it may receive afferent signals in the form of phosphor-
ylation by cdc2 protein kinase (60). Like pRB, it may be involved in
transcriptional regulation; p53 has a transcriptional activation do-
main and binds preferentially to certain DNA sequences (20, 61).
The biological consequence of p53 mutation may be manifested as
immortalization of cultured cells (62), but a precise understanding
of the effects of p53 mutations on evolving tumor cell clones is still
elusive.

Wilms Tumor

The pattern of familial and sporadic cases of Wilms tumor (WT)
of the kidney is strikingly parallel to that seen for retinoblastoma.
This led early workers to describe its underlying genetic mechanisms
using a model identical to that of retinoblastoma (63). In the case of
WT, the locus involved was mapped to human chromosome 11p13
through the sighting of chromosomal deletions carried by children
affected with the disorder (63). As with retinoblastoma, this tumor
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occurs in infants and young children and arises from embryonal
precursors, in this case in the kidney.

However, the WT syndrome diverges from retinoblastoma in
several important respects. The WT genetic deficit is not associated
with a variety of tumors in other tissues; the tumors are histopatho-
logically heterogeneous; and the locus most intensively studied to
date (11p13) may only represent one of two or three loci that are
involved in WT pathogenesis (64).

Two groups have used elegant gene cloning strategies to isolate
the gene at 11p13 (65). Like the RB and p53 products, the WT-1
protein has the hallmarks of a transcription factor. The four zinc
finger domains of this 345-amino acid protein indicate a sequence-
specific DNA binding protein (66) that shares sequence similarity
with a mammalian immediate-early protein variously termed EGR-
1, NGFI-A, TIS-8, Krox-24, or Zif 268 (67). In fact, the zinc fingers
of WT-1 and EGR-1 are more than 60% identical in amino acid
sequence.

Zinc fingers have been implicated in direct nucleotide sequence—
specific recognition by DNA binding proteins (66), and this has
encouraged some to inquire whether the two proteins may indeed
interact with a common DNA recognition site. Indeed, both EGR-1
and WT-1 bind strongly to the common sequence CGCCCCCGC
(68). Most recently, they have been found to be functional antago-
nists as well. Thus, EGR-1 acts as a strong transcriptional activator
of promoters that contain the above sequence. Binding of WT-1 to
this same sequence element acts to suppress transcriptional activa-
tion by EGR-1. Such inhibition may be more complex than that
achieved through a simple preemptive occupation of the DNA
target site by WT-1, as this suppressor protein may contain a
domain that actively antagonizes transcription (69).

How can all this be rationalized physiologically? EGR-1 is
expressed ubiquitously and is among the most prominent of the
cellular genes turned on rapidly in response to serum stimulation
(67). Its antagonist, WT-1 is expressed in a narrow range of tissues
including the kidney, urogenital precursors, and a subset of hema-
topoietic cells largely in the spleen (65). As suggested by its response
to mitogens, EGR-1 (like Myc and E2F) appears to be important in
programming cell proliferation (67). The expression of WT-1 in
certain embryonal kidney precursors may interrupt the growth
program in these cells by antagonizing EGR-1 protein function,
thereby allowing these cells to undertake, as an alternative, a
commitment to end stage differentiation. The apparent parallels to
pRB function is striking: in each case, the suppressor protein may
directly interact with and antagonize mitogen-induced transcription
factors.

The erbA Gene

erbA has been considered an oncogene, but detailed examination
of its biology persuades one that it is indeed a tumor suppressor
which, like mutant alleles of p53, acts in a dominant-negative
manner to disrupt wild-type function. As a result of the work of Graf
and Beug, the biology of transformation leading to avian erythro-
blastosis, involving the activities of the erbA and erbB, is better
understood than any other tumor model. The v-erbB oncogene acts
to expand a pool of highly mitotic, undifferentiated erythroid precur-
sor cells, but these are poorly tumorigenic, because they differentiate at
high rates into post-mitotic, end stage red cells. v-erbA on its own acts
to block differentiation of these erythroid precursors, but creates no
tumors because it is unable to provide the mitogenic impetus needed
to expand the pool of stem cells. The two genes, carried into erythroid
precursors by avian erythroblastosis virus, act in concert to create an
aggressive erythroleukemia. v-erbB drives expansion of the pool of
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undifferentiated precursor cells, while v-erbA blocks their egress into
the differentiation pathway (70).

The v-erbA allele that participates in formation of chicken eryth-
roleukemias is a mutant version of a transcriptional regulatory
protein, the chicken thyroid hormone (triiodothyronine) receptor
(71). Function of the wild-type receptor protein is blocked in the
presence of the v-erbA (72), because the latter occupies critical DNA
binding sites in a way that precludes association by the wild-type
receptor protein and inhibits transcription. There is evidence that
the mutant erbA protein acts to inhibit function of the structurally
related retinoid receptors as well. Indeed, these receptors, when
activated by bound ligand, may be even more important in the
normal triggering of avian erythroid stem cell differentiation (73).
Consequently, when functioning of these various receptors is
blocked by the mutant erbA protein, entrance into the differentiation
program may be unattainable even though the thyroid hormone and
retinoids are present in abundance. In chicken red cell precursors,
activation of certain erythrocyte-specific transcriptional promoters,
such as those controlling the band 3 and carbonic anhydrase genes,
is blocked by the mutant v-erbA (74).

Seen from this perspective, the normal thyroid hormone receptor
gene (c-erbA) is a suppressor gene that limits proliferation through
its ability to promote end stage differentiation. When its activities
and those of related retinoic acid receptors are blocked by a
dominant negative mutant, large numbers of undifferentiated stem
cells accumulate and can serve as precursors of fully malignant cells.
A prediction here is that genes for differentiation-promoting recep-
tors like the thyroid and related retinoid receptors should be altered
in certain types of human tumors. One type of retinoid receptor
gene has been found to be altered in 90% of acute promyelocytic
leukemias as a consequence of 15;17 chromosomal translocation,
which fuses it to a second unrelated gene termed myl (75). The
biological function of the resulting chimeric protein remains to be
elucidated.

Prospectives

This review has been written largely from the viewpoint of those
interested in protein function and cell physiology. Such an analysis
ignores other important parts of this rapidly expanding research
field. Underrepresented here are human genetics and the powerful
molecular techniques that have led to the discovery and isolation of
at least six suppressor genes.

These various suppressor genes all act in one or another way to
constrain cell proliferation, but the resemblance ends there. Accord-
ingly, it is difficult to predict where other, soon-to-be-discovered
suppressor proteins will act within the cell or how they will affect cell
phenotype.

Our understanding of inborn cancer susceptibility genes (76) lags
far behind the well-developed descriptions of somatically activated
genes like oncogenes. This will be remedied by the rapidly develop-
ing phenomenology regarding tumor suppressors. Of the tumor
suppressor genes described here, the RB, p53, NF-1, and WT-1 are
already clearly implicated in familial cancer, but this is only the
beginning. Familial colon cancer seems close to being understood in
terms of the recently isolated APC (adenomatous polyposis coli)
gene located on chromosome 5 (77). And if historical precedent is a
useful guide, one may presume that other suppressors known
through their somatic inactivation (Table 1) will also be passed in
mutant form through the germline. All this will bring genetic
diagnosis of many types of cancer predisposition within reach.
Indeed, it is already being practiced for retinoblastoma families (78).

We may also see new types of cancer therapy arise through
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manipulation of suppressor genes. By inserting wild-type suppressor
genes into tumor cells that lack them, one may be able to reinstate
a semblance of normal growth control, and with this, cause rever-
sion of tumor cells to a more normal growth pattern. Early successes
have been reported on this front, including the use of retrovirus
transducing vectors to insert wild-type RB gene copies into osteosa-
rcoma and prostate carcinoma cells that lack them (79). These
genetically reconstituted cells grow more slowly in culture, but lose
tumorigenicity when implanted into immunodeficient mice. This
echoes earlier work showing that insertion of an entire chromosome
11 causes Wilms tumor cells to lose tumorigenicity (80). Still,
prospects of novel cancer treatment through somatic gene therapy
are not imminent, as such a route is strewn with many technical
obstacles. But this work plants the seed of an idea that may be
realized in unforeseeable ways. That is, after all, the allure of this
field—every month brings something new and unexpected!

Surely, the study of tumor suppressors offers much to those
interested in cell and developmental biology. The diagrams describ-
ing the regulatory circuitry that governs cell proliferation and
differentiation are still incomplete. We now understand in some
detail how cell growth is incited, but the other, equally important
half of the picture explaining growth shutdown is still shrouded in
haze. Suppressors will show us the way!
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Growth Factors and Cancer

STUART A. AARONSON

Signaling pathways that mediate the normal functions of
growth factors are commonly subverted in cancer. Onco-
genes identified by a variety of approaches have been
shown to funcion at critical steps in mitogenic signaling.
Progression through the cell cycle requires the coordinat-
ed actions of members of two complementary classes of
growth factors, and oncogenes appear to replace the
actions of one set of these growth factors. Growth factors

can also influence normal cell differentiation, and consti-
tutive activation of growth-promoting pathways in cancer
cells can modulate the cell phenotype as well. Paracrine
actions of growth factors and cytokines may also influence
the stepwise series of genetic events that lead to malig-
nancy. New approaches for cancer therapy are being
developed that intervene at various steps in growth factor
signaling pathways.

ULTICELLULAR ORGANISMS HAVE HIGHLY COORDINAT-

ed mechanisms to control cellular interactions. These

complex signaling networks mediate normal embryonic
development and are responsible for systemic responses to wound-
ing and infection. The discovery of nerve growth factor (NGF) (1)
and epidermal growth factor (EGF) (2) has led to the identification
of a wide array of factors that affect the growth of virtually all cell
types. Such factors can act as positive or negative modulators of cell
proliferation and influence differentiation. The interaction of
growth factors, cytokines and hormones with specific membrane
receptors triggers a cascade of intracellular biochemical signals,
resulting in the activation and repression of various subsets of genes.
Genetic aberrations in growth factor signaling pathways are
inextricably linked to developmental abnormalities and to a variety
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of chronic diseases, including cancer. Malignant cells arise as a result
of a stepwise progression of genetic events that include the unreg-
ulated expression of growth factors or components of their signaling
pathways. This review focuses on normal aspects of growth factor
signal transduction, as well as genetic aberrations in growth factor
signaling pathways commonly implicated in human malignancy.

Stringent Regulation of Mitogenic
Responsiveness to Growth Factors

Growth factors cause cells in the resting or G, phase to enter and
proceed through the cell cycle. The mitogenic response occurs in
two parts; the quiescent cell must first be advanced into the G; phase
of the cell cycle by “competence” factors, traverse the G, phase, and
then become committed to DNA synthesis under the influence of
“progression” factors (3). Transition through the G, phase requires
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