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In virtually all cases where the function of a particular pro
tooncogene has been elucidated, the encoded product has been
identified as a key regulatory element in the signal transduction
pathways that control cell growth and differentiation. Retro-
viral and cellular oncogenes are perverted variants of these
genes; their products are qualitatively or quantitatively abnor
mal and cause transformation by upsetting the growth-control

ling circuits. The literature has in recent years been flooded by
examples that support this unifying concept of cell growth and
transformation. From a historical point of view, the first ex
ample was the discovery that the normal counterpart of the
oncogene \-sis of simian sarcoma virus is the cellular gene
encoding the B-chain of PDGF2 (1-3). By and large, the mech

anism of action of the sis gene in cell transformation has
subsequently been clarified. Thus, it has been unequivocally
proven that transformation by the sis gene occurs by an auto
crine mechanism (4-6). However, there are also questions that
remain to be answered which concern important aspects of the
function of PDGF and the sis gene in transformation and tumor
development. We will in this paper highlight some of the
structural and functional properties of PDGF, its receptors,
and signal transduction pathways with special emphasis on cell
transformation and oncogenesis.

PDGF Genes and Their Transcripts

PDGF is a family of closely related proteins that are made
up as ~30-kDa disulfide-bonded dimers of A and B chains
(PDGF-AA, PDGF-AB, or PDGF-BB) (7, 8). The A and B
chains are encoded by separate genes, located on human chro
mosomes 7 and 22, respectively (9-11). The genes are structur
ally related with similar exon/intron organizations, and they
have apparently arisen by gene duplication and evolutionary
divergence. In the mature parts, the A and B chains are 60%
similar in their amino acid sequences, with a perfect conserva
tion of the positions of the 8 cysteine residues.

The mature human PDGF-A mRNA appears as species of
1.9, 2.3, and 2.9 kilobases (9). The heterogeneity in size of the
mRNA arises through a combination of usage of three polyad-
enylation signals and transcription from two different pro
moters, one of which is located in the first exon upstream of a
common translation initiation codon.' Most human cells ex
pressing PDGF-B have an abundant 3.8-kilobase' mRNA spe

cies (9, 12); in some instances, a faint expression of a 1-kilobase
smaller transcript is also visible. Also, in this case, the smaller
mRNA species is transcribed from a promoter located within
the first exon (13). The 5'-untranslated sequence of the PDGF-

B transcript contains elements that strongly repress translation
efficiency (14). By inference, the short PDGF-B mRNA should
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be more efficiently transcribed than the larger and more abun
dant form, since it lacks most of the 5'-untranslated sequences.

This argument raises a number of important questions concern
ing the regulation of promoter selection in PDGF-B in various
cell types and also provokes questions about the functional role
of the large PDGF-B transcript. Whether the 5'-untranslated
sequences of the PDGF-A message also affect translation effi
ciency is another question that remains to be answered.

PDGF Synthesis, Processing, and Secretion

Studies of transfected cells have shown that PDGF-A is
translated as a 23-kDa species that is dimerized to a 40-kDa
product (15). NH:-terminal processing gives rise to a 30-kDa

secreted factor; similar products have also been found in cells
that express endogenous A chain (9).

Differential splicing of the sequence corresponding to exon
6 in the PDGF-A transcript gives rise to two different tran
scripts that yield alternative COOH-termini of the encoded A
chain (16, 17). The most abundant transcript uses nine bases
of the 5' end of exon 7 to encode the 3 most COOH-terminal
amino acids. Inclusion of exon 6-derived sequences leads to the
substitution of these three residues for an 18-amino-acid-long
COOH terminus, containing a high proportion of basic
residues.

The primary translation product of the B chain is a 28-kDa
species that is rapidly dimerized to a 56-kDa product (4, 18).
Two processing pathways have been discerned. N- and C-
terminal processing gives rise to a 30-kDa secreted product,
probably identical to the platelet form of PDGF-BB. In addi
tion, a nonsecreted M, 24,000 product is formed, apparently by
further /V-terminal processing, in the Golgi apparatus or in a
post-Golgi compartment. There is no evidence that the 24-kDa
component is externalized, either as a soluble product or at
tached to the cell surface. Recent studies have indicated that
the cell association of the 24-kDa form of PDGF-BB is caused
by the presence of a novel retention signal, located in the
COOH-terminal propeptide of the PDGF-B chain precursor
(18). The function of this signal seems to be to target the
product to an intracellular compartment, in which the 24-kDa
species is generated by NH2-terminal truncation. A homologous
stretch of amino acids is encoded by exon 6 in the long-splice
variant of the PDGF-A chain; also in this context, it leads to
intracellular accumulation of the product. The basic motif is
conserved in evolution; both PDGF-A splice variants are pres
ent in Xenopus laevis oocytes (19). It is also interesting that a
homologous sequence is also found in one of the splice versions
of the recently discovered vascular endothelial growth factor/
vascular permeability factor (20-22).

Two PDGF Receptor Types

Two distinct PDGF receptor types have been identified: the
a-receptor binds all three isoforms (PDGF-AA, -AB, -BB) with
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high and about equal affinities, whereas the ÃŸ-receptoronly
binds PDGF-BB with high affinity (7, 8). The latter receptor
type also binds PDGF-AB, but with an about 10-fold lower
affinity. The two receptor types are structurally and functionally
related; their extracellular ligand-binding portions are made up
by 5 immunoglobulin-like domains, both receptors have a single
transmembrane segment, and both are endowed with an intra-
cellular protein-tyrosine kinase (23-25). These characteristics,
as well as the presence of an intervening sequence that splits
the kinase domain into two parts, are shared by the CSF-1
receptor, the c-kit product, and to some extent also by the FGF

receptor family (26).

Activation of PDGF Receptors by Dimerization

Binding of PDGF to the extracellular part of the receptor
leads to activation of the kinase in the intracellular domain.
Since the transmembrane part of the receptor consists of a
single stretch of amino acids, it is not easy to envision how a
conformational change in the extracellular domain can be trans
mitted over the plasma membrane to the intracellular, catalytic
domain. The possibility that activation of growth factor recep
tors involves receptor oligomerization has been discussed, in
particular in the EGF receptor system (26). Incubation of
PDGF /^-receptors with PDGF-BB was found to lead to dimer-
ization of receptors, as revealed by experiments using covalent
cross-linkers (27, 28), as well as by coimmunoprecipitation
experiments (29). Dimerization occurred in a dose-dependent
manner and decreased at high concentrations of PDGF-BB.
This observation, together with the fact that higher oligomeric
forms were not seen, indicates that each subunit in the dimeric
PDGF molecule binds one receptor molecule, such that the
ligand forms a bridge between the receptors. Importantly, di-
merization was found to closely correlate with activation of the
receptor kinase, measured as receptor autophosphorylation as
well as phosphorylation of exogenous substrates.

The mechanism whereby PDGF receptor dimerization leads
to activation of the receptor kinase remains to be elucidated. It
is possible that the two receptor molecules in the dimer phos-
phorylate each other in trans and that this "autophosphoryla
tion" is involved in the activation mechanism (30). In support
of this notion, overexpression of a truncated PDGF /Ãœ-receptor
lacking almost the entire intracellular domain was found to
inhibit the activation of wild-type PDGF receptors (31).

The fact that the PDGF Â«-receptor is structurally similar to
the /J-receptor also suggests that the Â«-receptor dimerizes after
binding of any of its ligands. In fact, evidence demonstrating Â«-

receptor dimerization has recently been presented (32). It is
furthermore possible that heterodimeric receptor complexes
can be formed, e.g., by PDGF-AB binding with its A-subunit to
an Â«-receptorand with its B-subunit to a 0-receptor. This would
be compatible with the finding that PDGF-AB binds with a 10-
fold lower affinity to cells that have only 0-receptors, compared
with cells with both Â«-and /3-receptors, and is furthermore
supported by data on the abilities of the various isoforms of
PDGF to induce actin reorganization and membrane ruffling
in human fibroblasts. In these cells, PDGF-AB and PDGF-BB
induce ruffling, but PDGF-AA does not, suggesting that ÃŸ-
receptors but not Â«-receptors mediate the response. Moreover,
the response to PDGF-AB, but not to PDGF-BB, was inhibited
by blocking or down-regulating the Â«-receptors. In fact, PDGF-
AB acted as a ÃŸ-receptorantagonist, probably by binding the /tf-

receptor in a monovalent manner without activating it (33). It

is an interesting possibility that receptor heterodimers could
have distinct functional properties not found in receptor
homodimers.

Autophosphorylation Sites in the PDGF /9-Receptor

Two autophosphorylation sites have been identified in the
PDGF 0-receptor; one is Tyr-751 in the kinase insert domain,
and the other is Tyr-857 in the second segment of the kinase

domain (34). The role of the autophosphorylation at these sites
in the activation of the kinase remains to be determined. How
ever, the autophosphorylation at Tyr-751 has been shown to be
important for the interaction of the PDGF 0-receptor with one
of its putative substrates, the phosphatidylinositol 3'-kinase

(35, 36).

Substrates for the PDGF Receptor Kinases

An intact tyrosine kinase of the PDGF /3-receptor has been
shown to be essential for signal transduction; a receptor in
which the kinase activity has been extinguished is unable to
mediate mitogenicity, chemotaxis, or actin reorganization (37,
38). It thus seems likely that the phosphorylation on tyrosine
residues of specific substrates by the receptor kinases is a crucial
event in the transmission of the signals that lead to these cellular
effects of PDGF. Some candidate substrates have recently been
identified. Their identification has been simplified by the find
ing that they associate with activated PDGF receptors and can
be coimmunoprecipitated with the receptors.

Among identified substrates for the PDGF receptors are
phospholipase C-y (39-41), GTPase-activating protein (42,
43), the regulatory subunit of phosphatidylinositol 3'-kinase
(44-48), and members of the pp60I1Tfamily of protein tyrosine

kinases (49). All these proteins contain a common structural
motif, called "src homology region 2" or SH-2, and it has been

shown that the interaction with activated growth factor recep
tors occurs via these domains (50). The exact effects of tyrosine
phosphorylation on the intrinsic activities remain to be deter
mined, as well as their possible role in the mitogenic pathway
of PDGF. Raf-1 is a serine/threonine kinase which is structur
ally related to protein kinase C. Raf-1 is activated in PDGF-
stimulated cells by an indirect mechanism involving phospho
rylation of Raf-1 on serine residues (51-53). Raf-1 appears also
to be phosphorylated on tyrosine residues in PDGF-stimulated
cells; whether this is related to activation of Raf-1 remains to
be elucidated. Raf-1 appears to have a crucial role in the
transduction of the mitogenic signal, since microinjection of
Raf-1 is sufficient to induce DNA synthesis (54) and since
expression of raf-\ antisense RNA inhibits cell growth (55).

The v-sis Gene

The c-s/s/PDGF-B gene has been found as transduced one
sequences in two retroviral isolates, namely, simian sarcoma
virus and Parodi-Irgens feline sarcoma virus, the first one being
the best characterized. In the SSV genome, v-sis is integrated
within the env gene (1). A structural comparison between v-sis
and human c-s/s/PDGF-B complementary DNA sequences
shows that the virus has deleted the entire exon 1, 149 base
pairs of the 5' end of exon 7 and about 1150 base pairs of the

2.2-kilobase-long exon 7 (56). Since exon 7 only contains
untranslated sequences, the latter deletions have no impact on
the structure of the translation product. It is interesting, how-
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ever, that the proviral DNA of a retroviral c-s/s/PDGF-B con
struct used to induce fibrosarcomas in rats was found to contain
the 149-base pair deletion (57). Apparently, there is a strong
selection against this gene segment in retroviral s/s-induced
oncogenesis, for reasons unknown. The possibility that this
segment of exon 7 is also spliced out in spontaneous tumors
expressing c-s/s/PDGF-B has not been investigated.

At first glance, the lack of exon 1 sequences in \-sis is
surprising; the 3' end of this exon encodes the hydrophobic

signal peptide, and deletion analysis has shown that the pres
ence of a leader sequence is indispensable for transforming
activity (58). It appears, however, that translation of the sis
message is actually initiated within the 5 ' flanking env sequence,

such that a hydrophobic sequence with the functional properties
of a leader peptide is encoded by the viral genome (59). Since
the 5' untranslated sequences of the c-s/s/PDGF-B transcript

confer a strong repressive function on the translation of the
message (14), it is likely that the deletion of the entire first
exon in \-sis actually contributes to the transforming activity

of the gene (see also below).
Apart from the lack of the endogenous signal peptide, the

predicted sequence of the v-sis product (p28"J) is virtually
identical to that of the normal PDGF-B chain precursor (60).

In the sequence corresponding to the mature chain, only 3
amino acid substitutions are present, and these are likely to
represent differences between the 2 species (woolly monkey and
humans, respectively). The transforming potential of c-sis/
PDGF-B is identical to that of v-sis, and studies of cells ex
pressing v-sis (4) or recombinant c-sis/PDGF-B (15) have
shown that the translation products are similarly assembled
and processed. Transfection experiments with PDGF-A con
structs have shown a less pronounced transforming activity
than that of PDGF-B/c-Ã®/i (61-62). Since these studies were
performed on cells with considerably fewer PDGF Â«-than ÃŸ-
receptors, the results should be interpreted with some caution.

Mechanism of sis Transformation

Whereas there is a consensus of opinion that sis transfor
mation is mediated by a PDGF-like growth factor that activates
the cells' own receptor, there is a disagreement in the literature

concerning the subcellular location of the autocrine receptor
activation. Several authors have championed the idea that the
productive ligand-receptor interaction takes place in an intra-
cellular compartment. Such a mechanism would explain why it
has been so difficult to reverse the transformed phenotype of
i/s-transformed cells by adding PDGF antibodies (5, 63). As
far as the activation of the receptor's protein-tyrosine kinase is

concerned, there seems to be no doubt that this can occur
intracellularly, probably in both endoplasmic reticulum and the
Golgi apparatus. Thus, autophosphorylated receptors of the
high-mannose form have been demonstrated in v-sw-trans-
formed cells (64, 65). Such receptors are trypsin insensitive
and, in contrast to activated cell surface receptors, they are not
affected by suramin. In agreement with these findings, Bejcek
et al. (66) reported that a sis construct with an endoplasmic
reticulum retention signal (KDEL) immediately downstream of
the sequence of the mature B chain retained transforming
activity.

However, other data conflict with the intracellular activation
hypothesis. Using a \-sis construct under the control of a heat-
shock promoter, Hannink and Donoghue (67) were able to
show that the intracellular activation of the receptor protein-

tyrosine kinase is futile in the sense that it was not coupled to
an increase in c-fos expression. For such to occur, cell surface
receptors had to be activated. This interpretation conforms with
the findings that suramin up-regulates PDGF receptors in sis-
transformed cells and efficiently reverts the phenotype (6) with
out affecting the level of autophosphorylated intracellular re
ceptors (64, 68). Moreover, in some instances, PDGF antibod
ies have been found to revert sis transformation (5, 63). Studies
of autocrine stimulation by transforming growth factor a in A
431 cells (69) and by the K-fgf/hst product in NIH 3T3 cells
(70) have also shown that the autocrine pathway is initiated at
the cell surface.

A possible interpretation of the data presented above is that
the intracellular ligand-receptor interaction in sis-transformed
cells leads to activation of the receptor protein-tyrosine kinase,
but not to transformation and generation of a mitotic signal.
For this to occur, the ligand-receptor complex has to translocate
to the plasma membrane, probably in order to interact with the
proper substrates for the receptor kinase. This model does not
account for any specific function of the intracellular 24-kDa
form of the sis product in transformation. In this context, it
should be mentioned that the conversion of the retained form
to a secreted variant does not affect its transforming activity
(71). An interesting possibility is that the intracellularly acti
vated PDGF receptor kinase elicits other cellular responses,
distinct from those related to cell growth and transformation.
Indeed, the evolutionary conservation of the retention signal in
the B chain and in the long-splice version of the A chain implies
an important biological function of the retained products.

Â¿Â»-inducedOncogenesis

Simian sarcoma virus was initially rescued from a fibrosar
coma of a pet woolly monkey, and subsequent studies showed
that intramuscular and intracerebral injections of SSV in new
born marmosets yielded fibrosarcomas and gliomas, respec
tively (72). Thus, SSV is a bona fide tumor virus. By inference
from the structural and functional properties of the v-sis product
in vitro, one can assume that SSV-induced oncogenesis is pri
marily caused by an autocrine mechanism. But how can such a
simple mechanism as an autocrine activation of a growth factor
receptor cause the development of a malignant tumor? The role
of cell proliferation per se in carcinogenesis has recently been
highlighted by Cohen and Ellwein (73). These authors have
pointed at the fact that certain nongenotoxic compounds can
act as carcinogens. If such an epigenetic mechanism operates
in carcinogenesis, one must assume that the increased rate of
cell proliferation simply puts certain susceptible cells at higher
risk of undergoing the set of genetic changes that are required
for the expression of a fully malignant phenotype. SSV, by
virtue of its v-sis gene, may for instance expand the pool of
cells that are potential targets for neoplastic conversion, or the
aberrant growth stimulus may lead to an unscheduled cell
cycling which may per se increase the risk of genetic changes.
Alternatively, SSV may promote growth of cells that have
already undergone the required genetic events. It is also impor
tant to consider the potential role of the replication-competent
helper virus in SSV-induced tumorigenesis. Since retroviral
long terminal repeats may cause insertion mutagenesis, it is not
unlikely that SSV-induced tumors arise as a consequence of a
combination of an increased growth rate (caused by the v-sis
gene) and mutations of cellular genes (brought about by the
long terminal repeats).
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PDGF and PDGF Receptors in Human Tumor Cells

Whereas the tumorigenic potential of the PDGF-B/c-s/'s gene

is well established in experimental animal systems, its role in
the development of spontaneous human tumors remains to be
elucidated. There are many studies on tumor cell cultures that
show concomitant expression of one or several PDGF isoforms
and the cognate receptor, but it has been difficult to obtain
formal proof that the cells actually benefit from an autocrine
receptor activation.

The most penetrating studies on PDGF and PDGF receptor
expression in human tumor cell lines have been performed on
glioma and sarcoma. Both types of tumors arise from PDGF-
responsive cells, and early studies showed that both sarcoma
and glioma cells express c-sis gene mRNA (12) and produce a
PDGF-like growth factor (74, 75). However, it has been noto
riously difficult to demonstrate the production of B chain
protein in cells that express PDGF-B/c-sw mRNA. /V-terminal
amino acid sequence analysis of PDGF released from U-2 OS
human osteosarcoma cells, which express relatively high levels
of both A and B chain mRNA, showed only A chain sequences
(76). Only minute quantities of PDGF-AB and PDGF-BB were
found in PDGF purified from the conditioned medium of U-
343 MGa C 12:6 human glioma cells (77); the bulk protein was
made up by PDGF-AA. The inefficient translation of the large
and, in most cases, most abundant B chain transcript probably
contributes to the discrepancy between mRNA levels and syn
thesis of the B chain protein. The intracellular accumulation
and degradation of PDGF-BB, as described above, is another

possible explanation.
Northern blot hybridization using probes for both PDGF

chains and both PDGF receptors has shown that all four genes
are expressed essentially independently of each other in human
sarcoma (78) and glioma (79) cell lines. A closer inspection
reveals that, in virtually all cell lines, the type of ligand that
was expressed matches the receptor, thus setting the stage for
an autocrine receptor activation. However, despite all efforts,
we still do not know if an autocrine activation of the PDGF
receptor pathway really operates in human tumor cells. At
tempts to inhibit cell growth by PDGF antagonists, such as
PDGF antibodies or suramin, have essentially failed. Further
more, there have been no reports on any structural changes in
the genes encoding PDGF and its receptors in human tumor
cells; such a finding would strongly argue for a causal role in
tumor development.

There are several examples of PDGF receptor-negative hu
man tumor cells that synthesize and release PDGF but have no
PDGF receptors (80-82). Since PDGF is a potent mitogen and
chemoattractant for both fibroblasts (83-85) and endothelial
cells (86-88), these findings suggest that PDGF has a function
in tumor development by stimulating the ingrowth of a sup
porting connective tissue stroma. There are also examples of
an aberrant PDGF receptor expression in tumor cells. We have
thus found that human anaplastic (undifferentiated) thyroid
carcinoma cells express apparently structurally normal PDGF
ÃŸ-(89) and Â«-receptors (90) in culture, whereas the correspond
ing normal thyrocytes are negative. In this case, PDGF receptor
expression may reflect the undifferentiated phenotype and may
thus be an "archeological marker" if, namely, such receptors

are expressed during development, i.e., in immature thyroid
epithelial cells. Alternatively, PDGF receptor synthesis in the
undifferentiated thyroid carcinoma cells is caused by a truly
aberrant gene expression, i.e., is alien to the thyroid lineage. In

either case, the establishment of an aberrant signal transduction
pathway may contribute to the malignant phenotype by confer
ring a selective growth advantage.

PDGF and PDGF Receptor Expression in Human Tumors
in Vivo

Whereas a number of studies have shown that human tumor
cells in culture produce PDGF and express PDGF receptors,
only scant information is available on intact tumors. The recent
access to a complete collection of probes for the four genes
(PDGF-A, PDGF-B, PDGFR-Â«, PDGFR-/3) and their products
has made it possible to address this question. Analysis of human
malignant glioma (glioblastoma multiforme) by in situ hybrid
ization and immunohistochemistry has provided circumstantial
evidence for two distinct autocrine loops. A frequent observa
tion was the concomitant expression of PDGF-A and PDGF
Â«-receptors in glioma cells4, suggesting that an autocrine acti
vation of the Â«-receptor is a driving force in tumor cell prolif
eration. In view of this finding, it should be of interest to study
PDGF receptor expresson in SSV-induced glioma, i.e., a tumor
that is known to be induced by an autocrine mechanism. Is it
also in this case the Â«-receptor, rather than the ÃŸ-receptor,that
is the target for autocrine stimulation? Since this pertains to
the cellular origin of malignant glioma, it is an important issue
that deserves further analysis. An interesting aspect of the
possible role of PDGF in malignant glioma concerns the endo
thelial cells. A typical feature of glioblastoma multiforme is
that these cells proliferate and often even form tumor-like
masses which may comprise a large part of the tumor volume.
In situ hybridization (91) and immunohistochemical4 analyses

have shown that these endothelial cells overexpress PDGF ÃŸ-
receptors and PDGF-B as compared with normal capillary

endothelial cells. The endothelial cell hyperplasia of malignant
glioma has puzzled pathologists for a long time. Our findings
suggest that an autocrine activation of PDGF ÃŸ-receptorsmay
be an important mechanism. If that is the case, what is it that
triggers PDGF-B and PDGFR-/3 expression in these cells?

Concluding Remarks

Studies of the molecular biology of PDGF, its receptors, and
signal transduction pathway have been particularly rewarding;
not only have these studies provided valuable information on
the molecular mechanism of growth stimulation, but they have
also highlighted important aspects of neoplastic transforma
tion. The mechanism by which the sis gene causes transforma
tion in experimental systems is clarified, except for some ques
tions regarding where in the cell the autocrine mitogenic signal
is generated. Despite the effort of several laboratories, formal
evidence that autocrine PDGF operates in the pathogenesis of
spontaneous tumors is still lacking. The recent development of
suitable probes for in situ analyses has provided better tools for
these studies. Not unlikely, the results of these forthcoming
studies will shift some of the interest for PDGF and its receptors
from the laboratory to the clinic.
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