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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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Institute, Bethesda, MD 20892.

1146

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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sustained growth factor stimulation over a period of several hours
(Fig. 1). If the signal is disrupted for a short period of time, the cell
reverts to the Gy state (4). There is also a critical period in G, during
which simultaneous stimulation by both factors is needed to allow
progression through the cell cycle (5, 6). After this restriction point,
only the presence of a “progression” factor, such as insulin-like
growth factor 1 (IGF-1), is needed (7). Cytokines such as trans-
forming growth factor B (TGFB), interferon, or tumor necrosis
factor (TNF) can antagonize the proliferative effects of growth
factors. In-the case of TGEp, these effects can be observed even
when cells are treated with the cytokine relatively late in G, (8).

In some cell types, the absence of growth factor stimulation causes
the rapid onset of programmed cell death or apoptosis (9). Certain
growth factors can also promote differentiation of a progenitor cell,
while at the same time stimulating proliferation; others acting on the
same cell induce only proliferation (10). Thus, there must be specific
biochemical signals responsible for differentiation that only certain
factors can trigger (11, 12). The actions of a series of growth factors
can cause a hematopoietic progenitor to move through stages to a
terminally differentiated phenotype (10). However, at intermediate
stages, in the absence of continued stimulation by the factor, this
commitment is reversible (13). Although the differentiation pro-
gram of the cell governs the diversity of phenotypic responses
elicited, there are some common, highly conserved biochemical
pathways for mitogenic signaling. For example, transfection of cells
with DNA encoding foreign receptors often allows coupling of the
appropriate ligand to mitogenic signal transduction pathways inher-
ently expressed by the cells (14).

The Growth Factor Connection to Cancer

In the early 1980’s, approaches aimed at identifying the functions
of retroviral oncogenes converged with efforts to investigate normal
mitogenic signaling by growth factors. A number of retroviral
oncogene products were found to be similar to the protein kinase

Oncogene
" substitution

INSULIN

TGFB
Inhibitio

Fig. 1. Growth factor requirements during the cell cycle. A schematic
representation of requirements for the coordinated actions of two comple-
menting growth factors to induce cell DNA synthesis. In BALB-MK cells,
several oncogenes can specifically substitute for the competence factor
requirement. The ability of TGFB to inhibit the onset of DNA synthesis,
even when added in late G, is also depicted.
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encoded by v-src product (15). Unlike many protein kinases that
phosphorylate serine or threonine residues, the v-src product is a
protein kinase that specifically phosphorylates tyrosine residues (16).
Purification and sequencing of growth factors and their receptors
revealed that the platelet derived growth factor (PDGF) B-chain is
similar to the predicted v-sis oncogene product (17) and that the
v-erbB product, which has sequence similarity to the v-src product, is
a truncated form of the EGF receptor (18). Binding of EGF to its
receptor results in autophosphorylation of the receptor on tyrosine
(19). As will be illustrated, oncogenes activated by a variety of
mechanisms (20) frequently have been shown to encode growth
factors, receptor tyrosine kinases, or other enzymes that participate
in mitogenic signaling.

Growth Factor Receptors with Tyrosine
Kinase Activity

Cells of most if not all major tissue types are targets of growth
factors that mediate their effects by means of receptors with intrinsic
tyrosine kinase activity. These receptors have an extracellular ligand-
binding domain and an intracellular tyrosine-kinase domain respon-
sible for transducing the mitogenic signal (Fig. 2). Ligand binding
induces formation of receptor dimers or oligomers (21) and molec-
ular interactions between adjacent cytoplasmic domains lead to
activation of kinase function. Most evidence indicates that the
transmembrane domain does not directly influence signal transduc-

EGF ! HGF
TGFa Insulin
AR IGF-1
PDGF-A HB.EGF aFGF

PDGF-B arar

%
:
IFGR5]

Neuro- Ligands
PDGF EGF FGF Insulin HGF trophins unknown
PDGFRe _EGFR_ FGFR1 IR HGFR NGFR eph o]
fc-ertB
SN ) O (GF-1R [men) =
ERBB2  FGFR2 BDNFR/NT-3R
CSFIR g (bek) [-Zx] (trkB) eck

ERBB3 FGFR3

SLFR
FGFR4

Fig. 2. Transmembrane tyrosine kinases. Structural features of various
receptor tyrosine kinase receptors are shown. Each receptor family is
designated by a prototype ligand. Growth factors known to bind to receptors
of a given family are listed above, and receptors that constitute each family
are listed below. Boxes denote those growth factors or receptors whose genes
were initially identified as activated oncogenes. The c-onc designation is used
to specify cellular homologs of retroviral oncogenes. Open circles illustrate
immunoglobulin-like repeats. Dashed boxes indicate cysteine-rich domains.
Dotted boxes indicate conserved tyrosine kinase domains.
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tion and is instead a passive anchor of the receptor to the membrane.
However, point mutations in the transmembrane domain of one
receptor-like protein, the product of the neu or erbB-2 gene,
enhances its transforming properties (22). The tyrosine kinase
domain is the most conserved and is absolutely required for receptor
signaling. Mutation of a single lysine in the ATP (adenosine
triphosphate) binding site, which destroys the ability of the receptor
to phosphorylate tyrosine residues, completely inactivates biological
function (23). The receptor itself is often the major tyrosine
phosphorylated species observed after the receptor is activated by
ligand binding. Tyrosine phosphorylation may modulate kinase
activity, but certainly affects the ability of the kinase to interact with
substrates (24).

Several distinct families of receptors containing structurally relat-
ed members are illustrated in Fig. 2. A number of these receptors are
encoded by protooncogenes. In some cases their viral counterparts, like
v-sis and v-erbB, were initially identified as retroviral oncogenes (25);
others have been activated by retroviral integration (26). Others were
detected as cellular oncogenes by DNA transfection (27). Still others
reflect genes molecularly cloned on the basis of structural similarity to
other tyrosine kinases (28, 29) or by identification of protein sequence
(30). The spacing of cysteine residues in their external domains defines
either immunoglobulin-like domains, in the case of PDGF and FGF
receptor families, or cysteine-rich clusters. The known ligands for each
receptor family also show similarities in cysteine spacing but are other-
wise dissimilar (31). Recently, the met (32) and #rk (33) proto-oncogene
products were identified as the receptors for hepatocyte growth factor
(HGF) and NGF, respectively, and two NGF related ligands, brain-
derived neurotrophic factor and neurotrophin-3 were found to interact
with the #rk-B product (34).

Receptor Tyrosine Kinase Substrates

The PDGF system has served as the prototype for identification of
substrates of the receptor tyrosine kinases. Certain enzymes become
physically associated with and are phosphorylated by the activated
PDGF receptor kinase. These proteins include phospholipase C
(PLC-y) (35), phosphatidylinositol 3’ kinase (PI-3K) (36), Ras
guanosine triphosphatase (GTPase) activating protein (GAP) (37),
and Src and Src-like tyrosine kinases (38). These molecules contain
noncatalytic domains called Src homology (SH) regions 2 and 3.
SH2 domains bind preferentially to tyrosine phosphorylated pro-
teins and SH3 domains may promote binding to membranes or the
cytoskeleton (24). The raf proto-oncogene product also becomes
physically associated with the receptor and tyrosine phosphorylated
(39), although it lacks SH2 or SH3 domains (Fig. 3).

PLC-y is one of several PLC isoforms. It hydrolyses phosphatidylino-
sitol 4,5-bisphosphate and generates two second messengers, inositol
trisphosphate and diacylglycerol (40). The former causes release of stored
intracellular calcium and the latter activates protein kinase C (PKC).
These second messengers appear rapidly in cells after stimulation by
growth factors such as PDGF and the amount of these compounds
synthesized in vivo correlates with the ability of a particular receptor
kinase to induce tyrosine phosphorylation of PLC-y (35). Phosphoryla-
tion of PLC-y on tyrosine increases its catalytic activity in vitro (41).
Together, the results indicate that receptor induced tyrosine phosphor-
ylation activates PLC-y. The actions of a number of tumor promoters are
thought to be mediated by PKC (40).

The PI-3K, which phosphorylates the inositol ring of phosphatidyl-
inositol in the 3’ position, becomes physically associated with a number
of activated tyrosine kinases (42). The 85-kD subunit of the protein
contains two SH2 domains and an SH3 domain and is tyrosine
phosphorylated, but the subunit lacks PI-3K activity (43). The catalytic
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domain is likely associated with a 110-kD protein that is part of a
heterodimeric complex with the 85-kD protein (42). The transforming
ability of polyoma middle T mutants correlates with the functional
activity of PI-3K in complexes with pp60~™ (44). Moreover, v-src and
v-abl mutants that fail to associate with PI-3K are nontransforming (45).
Thus, PI-3K may function in the process of transformation.

GAP regulates the function of the Ras protein (46). It stimulates
the GTPase activity of the 21-kD guanine nucleotide binding
protein Ras (47). Ras is a critical component of intracellular
mitogenic signaling pathways. Microinjection of oncogenically ac-
tivated Ras into NIH 3T3 fibroblasts induces DNA synthesis (48).
GAP acts as a negative regulator of Ras function (49). Mutations
that cause oncogenic activation of ras lead to accumulation of Ras
bound to GTP, the active form of the molecule (47). These
mutations in ras block the ability of GAP to promote conversion of
Ras to its inactive, GDP-bound form (46). GAP may also function
in a complex with Ras as an effector of its downstream signaling
functions (50). Thus, mutations that impair interaction of Ras with
GAP also block the biological function of Ras.

Stimulation of certain receptors results in physical interaction of
GAP with the receptor kinase (37) as well as its association with the
cell membrane, the known site of Ras functon (47). Tyrosine-
phosphorylated GAP is also found to be associated in a complex with
at least two other tyrosine phosphorylated proteins (p62 and p190)
that may modulate Ras function (51). Interaction with p190 decreases
the ability of GAP to promote GTPase activity of Ras in vitro (52).
Stimulation of cells with PDGF leads to an increase in the amount of
GTP-bound Ras (53), consistent with the possibility that tyrosine
phosphorylation of GAP associated proteins transiently interrupts its
inhibition of Ras function. However, other proteins that regulate Ras,
including a protein that promotes release of bound GDP in exchange
for GTP, have been identified in yeast (54), and there is evidence for
such activities in mammalian cells as well (55). Thus, further studies
are needed to firmly establish the mechanisms responsible for activa-
tion of Ras in growth factor-stimulated cells as well as the effector
functions of this important signal transducer.

The src gene and structurally related family members including yes
and fgr were initially identified as oncogenes of retroviruses. These
and the other members of the src family encode nonreceptor tyrosine
kinases (56). Some are expressed only in certain differentiated cell
types, and may have highly specialized functions, while others are
expressed in many cell types. Src and other related tyrosine kinases
are activated rapidly in cells simulated with PDGF (38).

The raf proto-oncogene product is a serine-threonine kinase (57)

p21Ru<——4———-b——> Substrates

/l
IR
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e —
4 G
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l DAG InsP3

Substrates

Fig. 3. Substrates of receptor tyrosine kinases. A prototype receptor tyrosine
kinase and known intracellular substrates are shown. The substrate specificity
of different receptors is described in the text. The dashed line leading to Raf
indicates that its activation may be by mechanisms other than direct tyrosine
phosphorylation in response to some growth factor receptors.
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that is activated by a PKC-independent mechanism in response to a
number of growth factors (58). Oncogenically activated forms of
Raf resulting from deletions or mutations of its NH,-terminal
domain have been identified in tumors by means of gene transfer
experiments. The products of the raf oncogenes show constitutively
increased serine-threonine kinase activity. Thus, the NH,-terminal
domain may normally serve to regulate the catalytic domain. The
substrates of Raf remain to be identified.

Substrate Specificity of Receptor Kinases

The various receptor kinases tyrosine phosphorylate specific sets
of substrates. The substrates phosphorylated by receptors for pro-
gression factors such as IGF-1 (Fig. 1), must be distinct, at least in
part, from those regulated by receptors for competence factors such as
PDGEF in order to activate the complementing pathways required for
mitogenic signaling. Yet, there are also differences in substrate speci-
ficities among receptors for the PDGFs, colony-stimulating factor 1
(CSF-1), EGF, and the fibroblast growth factors (FGFs), whose
functions appear to be interchangeable as competence factors. For
instance, the PDGF receptor kinase interacts with each of the sub-
strates mentioned above, but the related CSF-1 receptor appears not
to phosphorylate PLC-y or GAP (59). The EGF receptor and erbB-2
also phosphorylate GAP relatively inefficiently (60). The FGF recep-
tors induce tyrosine phosphorylation of a prominent, as yet uniden-
tified substrate, p90 (61), which is not phosphorylated in response to
a number of other receptors. These findings suggest that different
combinations of substrates can activate competence pathways.

Differences in substrate specificity of the receptors may deter-
mine phenotypic responses other than proliferation. For example,
oligodendrocyte progenitors (OA-2 cells) undergo terminal dif-
ferentiation in response to PDGF (62). Yet, FGF causes the same
cells to proliferate rather than differentiate (12, 63). Similarly,
PC12 neuronal cells proliferate in response to EGF but terminally
differentiate as sensory neurons after treatment with NGF (64). In
hematopoietic progenitor cells, the transfected CSF-1 receptor
couples with pathways that induce monocyte differentiation as
well as mitogenesis (13), whereas certain other growth factors
stimulate only proliferation. While such differences might be
explained by the specific pattern of substrates of various receptors,
our understanding is still incomplete. Thus, further efforts will be
needed to identify the full spectrum of second messengers recruit-
ed by different tyrosine kinase receptors as well as the specific
functions of each with respect to mitogenic signaling and other
cellular responses.

The connections between biochemical signals emanating from
primary receptor substrates and resulting changes in the nucleus
remain largely undefined. However, mitogenic signaling clearly
affects the transcriptional activation of specific sets of genes and the
inactivation of others. The nuclear effectors of gene activation are
transcription factors that bind to DNA as homomeric or hetero-
meric dimers (65) and phosphorylation appears to modulate their
functions as well (66). Within the complex regulatory network of
transcription factors linked to mitogenic signaling pathways, a
number including those encoded by jun, fos, myc, myb, rel, and ets,
were identified as viral oncogenes (67, 68).

Oncogene Subversion of Specific Signaling
Pathways

The evidence summarized above indicates that proto-oncogene
products act at critical steps in growth factor signaling pathways.
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Thus, their constitutive activation as oncogene products would be
expected to profoundly influence cell proliferation and possibly
the differentiated state of the transformed cell. Tumor cells exhibit
reduced requirements for serum in culture. The actions of onco-
genes have been investigated with respect to their ability to
subvert the actions of the two major growth factor signaling
cascades. For instance, mouse keratinocytes can be propagated in
chemically defined medium containing only two complementing
growth factors, EGF and IGF-1 (69). Introduction of various
oncogenically activated receptor kinases or ras or raf oncogenes
completely alleviates the requirement for EGF but not IGF-1 (Fig.
1). These findings support the concept that the signaling pathway
of competence factors ordinarily limits growth in vivo and that
genetic changes activating critical regulatory molecules within this
pathway are commonly associated with the generation of the
malignant cell.

The state of differentiation of a cell can influence the action of an
oncogene and affect the phenotype of the transformed cell. For
example, the time of expression of the ras oncogene during differ-
entiation of keratinocytes determines whether or not malignancy is
induced (70). PC12 neural cells undergo terminal differentiation in
response to ras or src oncogenes (71), and introduction of ras into
Epstein-Barr Virus—immortalized B lymphoid cells induces plasma
cell differentiation (72).

Commonly Activated Growth Signaling
Molecules in Human Tumors

There is much evidence for genetic aberrations affecting growth
factors or their receptors in human malignancies. Expression of
PDGEF and its receptors has been documented in a high fraction of
sarcomas as well as glially derived neoplasms (73). In tissue culture,
such tumor cells exhibit chronic PDGF receptor activation, demon-
strating a functional autocrine loop induced by ligand stimulation of
receptors made by the same cell (74). Similarly, transforming factor
a (TGFa) is frequently detected in carcinomas expressing large
amounts of EGF receptors (75). In the case of the FGFs, basic
fibroblast growth factor (bFGF) is expressed by human melanoma
cell lines but not by normal melanocytes, which require bFGF to
proliferate (76). Because the ligands for some receptors with tyro-
sine kinase activity are unknown, the contribution of autocrine loops
to malignancies may be greater than is presently appreciated.

Among growth factor receptors, the most frequently implicated in
human cancer have been members of the EGF receptor family. The
EGEF receptor gene is often amplified or overexpressed, or both, in
squamous cell carcinomas and glioblastomas (77). Similarly, erbB-2
is often overexpressed in adenocarcinomas of the breast, stomach
and ovary (78). Overexpression of either gene under appropriate
experimental conditions confers the transformed phenotype (79).
The erbB-3 gene is overexpressed in certain breast carcinomas (29).
Gene amplification or overexpression of the met gene encoding the
HGEF receptor or of bek encoding a member of the FGF family has
been observed in human stomach carcinoma cell lines (80). Similar-
ly, ret is activated by gene arrangements in a large fraction of human
thyroid carcinomas (81).

Among other rate limiting molecules in mitogenic signaling,
members of the ras family appear to be the most frequently detected
as oncogenes. Oncogenic mutations of ras have been documented in
as many as 30 to 50% of lung and colon carcinomas. In pancreatic
carcinoma, the frequency of ras mutations approaches 90 to 95%
(82). This may reflect the critical function of ras in mitogenic signal
transduction in many cell types. Among the nuclear effectors, the
myc family appears to be among the most frequently altered, with
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activation by mechanisms ranging from specific chromsomal trans-
locations in many B and T cell lymphomas (83) to amplification and
overexpression in carcinomas of the lung, neuroblastomas, and a
variety of other malignancies (20).

Involvement of Other Mitogenic Signaling
Systems in Malignancy

Binding of ligands to at least two classes of receptors distinct from
membrane spanning tyrosine kinases is known to stimulate cell
proliferation. One class includes the receptors for interleukin-2
(IL-2), IL-3, IL-4, IL-6, IL-7, granulocyte-macrophage colony-
stimulating factor (GM-CSF), G-CSF, and erythropoietin (Epo).
These receptors are membrane glycoproteins with a single hydro-
phobic transmembrane domain (84). Their external domains are
similar in size and contain several conserved cysteines in their
NH,-terminal portions (Fig. 4). In contrast, their cytoplasmic
domains vary in length, show little if any sequence similarity, and
possess no tyrosine kinase domain. Some of these receptors require
associated proteins for high affinity ligand binding (85).

Little is known of the biochemical pathways by which these
receptors stimulate proliferation, although their activation can lead
to the appearance of tyrosine phosphorylated proteins (86) and
increased amounts of GTP (guanosine triphosphate)-bound Ras
(87). Binding of IL-2 to its receptor activates the tyrosine kinase Lck
(88). Thus, the Src family of tyrosine kinases (which includes Lck)
may participate in signal transduction by this class of receptors.
Certain in vitro mutations of the Epo receptor constitutively activate
the receptor and cause transformation of appropriate hematopoietic
target cells (89). Erythroblastic leukemia induced by the spleen
focus-forming virus is due to molecular mimicry of Epo by a
recombinant env gene product of this defective retrovirus (90). In
human T cell tumors associated with HTLV-1 infection, viral gene
products appear to stimulate proliferation of affected cells by
increasing expression of both IL-2 and its receptor (91).

Another class of molecules capable of causing mitogenic stimula-
tion of certain cell types are neurotransmitters (Fig. 4). The
topography of these receptors includes, in addition to their seven
transmembrane domains, an extracellular NH,-terminal domain and
a cytoplasmic COOH-terminal tail or large intracellular loop con-
taining regulatory serine and threonine residues (Fig. 4). The
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Bombesin  Serotonin IL-6  GH
Bradykinin  Vasopressin IL-7 Prolactin
Carbachol vViP

Src family
members

\
Tyroélne phos-

Phurvla‘tlon 2 \

.

Fig. 4. Mitogenic signaling by other receptor classes. The structures and
ligands of two classes of receptors lacking intrinsic tyrosine kinase activity
and capable of mitogenic signaling are shown. These receptors possess either
a seven transmembrane domain motif (left) or a single transmembrane
domain (right). The former couples with G proteins that interact with
phospholipase C (PLC) or adenylate cyclase.
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heterodimeric guanine nucleotide binding proteins (G proteins)
activated by such receptors can be coupled to various effectors
including adenylyl cyclase, phospholipase C, and K* channels (92).
These receptors may also stimulate tyrosine phosphorylation, but
the kinases responsible remain to be identified (93). Related genes
encode the -, a,-, B, -, and B,-adrenergic receptors, the muscarinic
acetylcholine receptors (mACHR), the serotonin receptors, the
substance K receptor, the dopamine receptors, the bombesin recep-
tor, and the endothelin receptor (94). The mas oncogene isolated by
gene transfer from a human carcinoma encodes a seven membrane
spanning receptor (95). Overexpression of certain acetylcholine or
serotonin receptor subtypes after transfection in NIH 3T3 cells
causes ligand-dependent transformation (96).

Bombesin-like peptides are secreted by neuroectodermally derived
small cell lung carcinomas and stimulate growth of these cells (97).
Moreover, antibodies to bombesin have been reported to inhibit
tumor cell proliferation in vitro and in vivo (98). These findings raise
the possibility that autocrine stimulation by ligands for other G
protein—coupled receptors may occur in tumors as well. It would
follow that genes that act at rate limiting steps in signal transduction
might be subject to oncogenic activation in specialized cell types in
which neurotransmitters are normally mitogenic. Indeed, this appears
to be the case. For instance, growth hormone—secreting pituitary
tumors and endocrine tumors of the adrenal cortex and ovary fre-
quently exhibit point mutations in G proteins that interact with
adenylyl cyclase (99). The affected residues would lead to constitutive
activity and increased intracellular concentrations of cAMP.

The ability to identify human oncogenes has to a large extent been
limited by assay techniques. For instance, mutated forms of hema-
topoietic growth factor receptors efficiently couple with mitogenic
signaling pathways and induce transformation in a hematopoietic
progenitor cell, but fail to do so when transfected into NIH 3T3
fibroblasts, which are frequently used for detection of transforming
genes (89). Similarly, overexpression of only G protein—coupled
receptors linked to phosphatidylinositol turnover, but not those
coupled to adenylyl cyclase, appears to cause ligand-dependent trans-
formation of NIH 3T3 cells (100). To detect an oncogene by gene
transfer, it must be small enough to be transfected and its promoter
must allow a high level of expression in the recipient cell. Some of
these problems have recently been overcome by the development of
efficient cloning vectors allowing stable expression (101). It seems
likely that as these approaches are combined with efforts to increase
the efficiency of stable transfection of recipient cells other than NIH
3T3, the number of molecules identified as being critically involved in
mitogenic signaling and cancer will expand.

Paracrine Influences on Tumor Progression

Growth factors released by one cell type and influencing prolifer-
ation of another cell (paracrine stimulation) may also play important
roles in tumor progression. For instance, the ability of steroid
hormones to stimulate epithelial cell proliferation in sex hormone—
responsive tissues such as breast and prostate appears to be mediated
at least in part by hormonal effects on stromal cells (102). Stromal
cells, in turn, influence parenchymal cells by increasing production
of growth factors, decreasing production of inhibitory cytokines, or
both. Hormonal influences on growth of breast and prostate tumors
can be striking (103). Chronic wounding and increased cell prolif-
eration associated with some diseases can lead to higher risk of
cancer (104). Moreover, there are a number of animal studies in
which chronic injury and repair in response to agents possessing no
known mutagenic actions is associated with increased cancer risk
(105). Thus, genetic lesions associated with some early cancers may
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allow their clonal selection in response to paracrine-acting growth
factors. A case in point involves the BCL-2 oncogene, which is
activated in low grade B cell lymphomas by a chromosomal translo-
cation of a rearranged immunoglobulin gene (106). BCL-2 acts to
block apoptosis, but is not by itself capable of inducing cell prolifer-
ation (107). Presumably, rescue from programmed cell death allows
the cell expressing BCL-2 to proliferate preferentially in response to
mitogenic signals in vivo. This selective growth advantage can result in
the eventual selection of a more malignant variant (108).

Recently, paracrine effectors for epithelial cells of major tissues
have been identified and cloned. These include keratinocyte growth
factor (KGF) (109) and HGF (110, 111). Scatter factor, a motility
factor that causes dispersion of epithelial cells (112) is homologous
to HGF (112, 113). The identification of such factors may help to
explain how stromal cells indirectly influence normal epithelial cell
growth in response to hormones and how these cells provide an
environment conducive to proliferation, invasion, and even metasta-
sis of epithelial tumor cells. Another aspect of malignancy is
neo-angiogenesis, the process by which new vasculature is devel-
oped to support nourishment of malignant cells (114). A number of
growth factors including the FGFs and EGF are chemotactic for
endothelial cells and induce their proliferation. Such angiogenic
factors may be released by stromal cells as part of an aberrant
wound-healing response to tumor cell proliferation or by the tumor
cell itself.

Stromal cells can also inhibit growth of oncogene-transformed
cells in vivo (115). These findings indicate that inhibitory cytokines
released by stromal cells can inhibit tumor cell proliferation and that
loss of responsiveness to such factors could provide a strong selective
growth advantage in vivo. Genetic alterations in tumors include loss
of function of certain genes that ordinarily act in as yet undefined
ways to hold proliferation in check. The latter have been termed
tumor suppressor or anti-oncogenes and include as prototypes the
pRb, the product of the retinoblastoma gene (Rb) (116) and p53
(117). The functions of p53 and Rb are required at the critical G, to
S-phase transition (117, 118), the period during which TGF is able
to block progression through the cell cycle (Fig. 1). Growth
inhibition by TGF@ correlates with suppression of phosphorylation
of pRb, which may inactivate its function at the G, to S-phase
transition (119). Moreover, a correlation has been found between
the lack of TGF responsiveness of tumors and inactivation of the
Rb gene (120). These findings are consistent with the possibility that
some tumor suppressor genes may encode proteins involved in the
biochemical cascade stimulated by inhibitory cytokines.

Implications for Cancer Intervention

Our present knowledge of the role of growth factor signaling
pathways in cancer offers opportunities for improvements in diag-
nosis and prognosis as well as for therapeutic intervention. Molec-
ular probes specific for genetic rearrangements activating various
oncogenes in B and T cell lymphomas and in chronic myelogenous
leukemia are being used for diagnosis and to follow the course of
treatment (121). Amplification of erbB-2 in breast or ovarian cancer
(122) as well as N-myc in neuroblastoma (123) appear to be
prognostic indicators of more aggressive tumors. Other applications
of this type will likely derive from the systematic analysis of
oncogenes and tumor suppressor genes altered in various tumors.

Several strategies have already been developed to exploit the
agonist properties of growth factors in the clinical management of
malignancies. For instance, administration of hematopoietic growth
factors can ameliorate the toxicity of chemotherapy (124). It is
possible that the synchronization of tumor cell proliferation by
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application of exogenous growth factors may increase the effective-
ness of chemotherapeutic agents that act at a particular stage of the
cell cycle. Certain cytokines such as interferon « and IL-2 are being
applied to cancer treatment (125). These cytokines act to cause
tumor cell destruction. In fact, interferon « is the treatment of
choice in hairy cell leukemia (126). The complex paracrine networks
that may influence tumor cell proliferation present another possible
target for tumor intervention. For example, somatostatin antago-
nists have been reported to inhibit the proliferation of some tumors
in vivo (127). Such antagonists may decrease the amount of
circulating IGF-1 (128).

It is possible that more specific and effective means of targeting
tumor cells may in the future be based upon intervention at those
critical points in mitogenic signaling at which oncogenes are
commonly activated. Blockade of the actions of autocrine or para-
crine acting growth factors could be achieved by specific antagonists.
One of the most promising target of more specific therapy may be
the growth factor receptor itself. One strategy involves administra-
tion of monoclonal antibodies that induce receptor downregulation.
In experimental models, such antibodies have been shown to impair
tumor cell proliferation both in vitro and in vivo (129). Tumors that
overexpress receptors might also be targeted with radioisotopes or
toxins such as ricin or pseudomonasexotoxin A linked to monoclo-
nal antibodies to the receptor or the specific ligand (130). In theory,
this strategy would have the advantage of being both tumoricidal
and having a high degree of specificity for the tumor cell.

The importance of tyrosine phosphorylation in mitogenic signal
transduction provides another possible target for therapy. Erbstatin,
isolated from actinomycetes (131), is a prototype tyrosine analogue.
Tyrphostins are related molecules, which also block phosphorylation
of tyrosine residues (132). It may be possible to design tyrphostins
that selectively inhibit tyrosine kinases, and tyrphostins have been
reported to inhibit cell proliferation in culture at concentrations
exhibiting little toxicity (132).

The oncogenic activation of Ras in many tumors has led to
efforts to inhibit its function. One target of such approaches is the
posttranslational modification of the Ras molecule required for its
membrane localization and essential for its function (47). If yeast
or animal cells are inoculated with inhibitors that block farnesy-
lation of Ras, cell proliferation is inhibited (133). In fact, peptides
as small as four amino acids can serve as substrates for the purified
farnesyl protein transferase (134). Exogenously administered pep-
tides or their analogues may act as competitive inhibitors of the
enzyme and thus inhibit the function of Ras. There is, of course, no
certainty that any of these approaches will be more successful than
available forms of cancer therapy. Nonetheless, it is hoped that the
important insights gained over the past several years concerning the
underlying mechanisms responsible for the malignant process will
provide rational new approaches and eventual improvements in
therapy for this disease.
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Chromosome Aberrations and Cancer

ELLEN SOLOMON, JULIAN BORROW, AUDREY D. GODDARD

Cancer may be defined as a progressive series of genetic
events that occur in a single clone of cells because of
alterations in a limited number of specific genes: the onco-
genes and tumor suppressor genes. The association of
consistent chromosome aberrations with particular types of
cancer has led to the identification of some of these genes

and the elucidation of their mechanisms of action. Consis-
tent chromosome aberrations are observed not only in rare
tumor types but also in the relatively common lung, colon,
and breast cancers. Identification of additional mutated
genes through other chromosomal abnormalities will lead
to a more complete molecular description of oncogenesis.

ANCER IS THE RESULT OF THE ACCUMULATION OF MUL-
tiple genetic changes (). Each alteration, whether an
initiating or a progression-associated event, may be medi-
ated through a gross chromosomal change and therefore has the
potential to be cytogenetically visible. A corollary of this idea is
that the molecular characterization of chromosomal rearrange-
ments will lead to the identification of genes involved in cancer.
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This review will focus on those chromosomal aberrations for
which the affected genes have been cloned and characterized.
Readers interested in the burgeoning cancer cytogenetics litera-
ture are referred to other reviews (2).

Tumor Cytogenetics

The common tumor chromosome aberrations are generally classified
as structural or numerical. Structural alterations include translocations,
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