COMMENTARY
Signal transduction by the receptors for platelet-derived growth factor

CARL-HENRIK HELDIN*
Ludwig Institute for Cancer Research, Box 595, Biomedical Center, S-751 24 Uppsala, Sweden

and BENGT WESTERMARK
Department of Pathology, University Hospital, S-751 85 Uppsala, Sweden
* Author for correspondence

Introduction
Platelet-derived growth factor (PDGF) is a connective
tissue cell mitogen that originally was purified from
human platelets, but recently has been found to be
produced by many different cell types (reviewed by Ross et
al. 1986; Heldin and Westermark, 1989). The in vivo
function of PDGF remains speculative, but the fact that
PDGF is released by platelets and by cells involved in the
inflammatory reaction and that it stimulates proliferation, chemotaxis and matrix production, suggest a role in
tissue repair processes. It is also possible that PDGF is
involved in regulation of cell growth and differentiation
during embryonal development, since it has been found to
be expressed in mouse (Rappolee et al. 1988) and Xenopus
(Mercola et al. 1988) embryos and in human placenta
(Goustin et al. 1985). Such a function has been demonstrated in the developing rat optic nerve where PDGF
secreted by type-1 astrocytes control the differentiation of
O-2A progenitor cells into oligodendrocytes and type-2
astrocytes (Noble etal. 1988; Richardson etal. 1988; Raff et
al. 1988). PDGF may also be involved in pathological
processes. Thus, unscheduled production of PDGF may
account for the excessive cell proliferation seen, e.g., in
atherosclerosis and tissue fibrosis, as well as in malignancies. The potent transforming activity of PDGF is illustrated by the fact that the PDGF B chain gene is similar to
v-sis, the transforming gene of simian sarcoma virus, and
that cell transformation by this virus is exerted by autocrine action of a PDGF-like factor (reviewed by Westermark et al. 1987).
The object of this commentary is to discuss the recent
advances in research on PDGF, which have revealed that
PDGF is a family of closely related isoforms that activate,
with different efficiencies, at least two different receptor
types. Recently, some insight has also been gained into
possible postreceptor events involved in the mitogenic
signal pathway.
Three PDGF Isoforms that bind to two different
receptor types
PDGF is a dimeric molecule composed of disulphideJournal of Cell Science 96, 193-196 (1990)
Printed in Great Britain © The Company of Biologists Limited 1990

bonded, homologous polypeptide chains, denoted A and B.
All three combinations, AA, AB and BB, of PDGF chains
have been identified and purified from platelets and
transformed cells (Stroobant and Waterfield, 1984; Heldin
et al. 1986; Hammacher et al. 1988; Bowen-Pope et al.
1989). Both PDGF chains are synthesized as precursor
molecules that undergo dimerization and proteolytic processing after synthesis. The isoforms differ in their functional activities (see further, below), as well as in their
secretory behaviour; whereas PDGF-AA and PDGF-AB
are rapidly secreted after synthesis, PDGF-BB remains to
a large extent associated with the producer cell (Robbins et
al. 1985; Ostman et al. 1988), the significance of which
remains to be elucidated.
Binding experiments with radiolabeled PDGF isoforms
revealed that two different receptor types exist (Hart et al.
1988; Heldin et al. 1988), i.e. a- and ^-receptors (the
designations A-type and B-type receptors have also been
used). The cv-receptor binds all PDGF isoforms with high
affinities, whereas the /3-receptor binds PDGF-BB with
high affinity, PDGF-AB with lower affinity, but appears
not to bind PDGF-AA with any appreciable affinity.
Human fibroblasts have both a- and /3-receptors, but there
are also examples of normal cells having only n-receptors,
e.g. O-2A progenitor cells of the rat optic nerve (Hart et al.
1989), and only /3-receptors, e.g. rat brain capillary endothelial cells (Smits et al. 1989). Both receptor types
transduce potent mitogenic signals, but in human fibroblasts only the /3-receptor mediates chemotaxis and actin
reorganization (Niste'r et al. 1988; Hammacher et al. 1989;
Siegbahn et al. 1990). The signal transduction from the areceptor may be cell type-specific, however, since a hematopoietic cell line transfected with ^-receptor cDNA responds chemotactically to PDGF (Matsui et al. 19896).
Analysis of cDNAs for the a-receptor (Matsui et al.
1989a; Claesson-Welsh et al. 1989) and the /5-receptor
(Yarden et al. 1986; Claesson-Welsh et al. 1988; Gronwald
et al. 1988) for PDGF have revealed closely related molecules. The extracellular parts of the two receptors contain
five immunoglobulin-like domains, each with an overall
amino acid sequence similarity of 30 %. The intracellular
parts of the receptors contain protein tyrosine kinase
domains, which in each receptor contain inserted sequences of about 100 amino acids without homology to
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kinase domains. The amino acid similarities between the
receptors are about 80% in the kinase domains and in
the sequences between the transmembrane parts and the
kinase domains, and about 30 % in the kinase inserts and
in the carboxy-terminal tails. The function of the characteristic inserts in the kinase domains remains to be
elucidated; studies on transfected preceptor mutants lacking the insert have suggested that it has a role in
determining the substrate specificity or catalytic efficiency of the kinase (Escobedo and Williams, 1988;
Severinsson et al. 1990). There are two other proteins that
have a similar structural organization and thus form a
subfamily with the PDGF receptors among the protein
tyrosine kinase receptors, i.e. the receptor for colony
stimulating factor-1 (Coussens et al. 1986) and the c-kit
product, a receptor for an unknown ligand (Yarden et al.
1987).
Activation of PDGF receptors
An important observation in relation to the in vivo
function of PDGF came through immunohistochemical
stainings of tissue sections using monoclonal antibodies
specific for the PDGF /3-receptor; it was found that the
receptor is not present on cells in most normal tissues, in
spite of the fact that the same cell types possess receptors
when grown in tissue culture (Terracio et al. 1988).
Receptors were found to be induced, however, in conjunction with inflammation in vivo (Eubin et al. 1988). These
findings suggest that the response to PDGF in vivo
depends not only on the availability of ligand, but also on
the expression of the corresponding receptors. Data on areceptors in vivo wee not yet available, but it was recently
shown that this receptor is down-regulated in vitro after
exposure of 3T3 cells to transforming growth factor-/3
(Gronwald et al. 1989).
Some insight into the mechanism whereby ligand binding induces the activation of the receptor kinase, has
recently been provided by the demonstration that PDGF
induces dimerization of the /3-receptor (Bishayee et al.
1989; Heldin et al. 1989; Seifert et al. 1989) (Fig. 1). Data
have also been provided that support the notion that
receptor dimerization or oligomerization is involved in the
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Fig. 1. Schematic illustration of the binding of the different
isofonns of PDGF to homo- and heterodimeric complexes of
PDGF receptors. The <x- and ^-receptors are drawn to indicate
that they each contain 5 extracellular immunoglobulin-like
domains and an intracellular split protein tyrosine kinase.
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activation of the receptor for epidermal growth factor
(Schlessinger, 1988). Analysis of dimerization of purified
PDGF /3-receptor revealed that it was maximal at
0.5/igml" 1 of PDGF-BB and decreased at higher concentrations of ligand (Heldin et al. 1989). This suggests that
each subunit of the dimeric PDGF molecule binds one
receptor molecule. It is conceivable that the dimerization
makes possible an interaction between the kinase domains
of the two receptor molecules leading to their activation.
This may involve cross-phosphorylation on tyrosine residues, since ligand binding has been observed to induce
'autophosphorylation' of the PDGF /3-receptor (Ek et al.
1982). The two major autophosphorylation sites in the /3receptor were recently localized to tyrosine residues in the
kinase insert sequence, and in the second part of the
kinase domain, respectively (Kazlauskas and Cooper,
1989). The role of autophosphorylation in the regulation of
the receptor kinase, however, remains to be elucidated.
PDGF-AB binds with a 10-fold lower affinity than
PDGF-BB to PDGF /3-receptors (Severinsson et al. 1989),
yet PDGF-AB is as potent a mitogen as PDGF-BB for
human fibroblasts, in which activation of ^-receptors only
gives a limited mitogenic response. A possible explanation
for this observation is that PDGF-AB binds to and activates the /3-receptor more efficiently when cr-receptors are
present. PDGF-AB would thus bind simultaneously to one
^-receptor and one /3-receptor and by formation of a
heterodimeric receptor complex simultaneously induce
two signal pathways (Fig. 1). Indirect evidence in support
of this possibility was recently obtained by studying the
induction of actin reorganization and membrane ruffling
in human fibroblasts, a response that is mediated by the /3receptor, but not by the o--receptor (Nister et al. 1988;
Hammacher et al. 1989). In the presence of ff-receptors,
PDGF-AB was found to induce actin reorganization, but in
cells where the <r-receptor was blocked by an excess of
PDGF-AA, or where the <r-receptor was down-regulated by
prior exposure to PDGF-AA at 37 °C, the effect of PDGFAB on actin reorganization was inhibited. In fact, in the
absence of c-receptors, PDGF-AB acted as a /3-receptor
antagonist, presumably because it bound to /3-receptors in
a monovalent manner without activating them (Hammacher et al. 1989).
Substrates for the POGF receptor kinases
The binding of PDGF to its receptors elicits a cascade of
early cellular events, including protein phosphorylations
on tyrosine as well as serine/threonine residues,
phosphatidylinositol turnover, ion fluxes and gene expression. An intact tyrosine kinase activity has been
shown to be essential for signal transduction by the /3receptor; this is most likely true also for the o^receptor but
data are not yet available for this receptor. Thus, a PDGF
receptor mutant in which the kinase activity has been
extinguished by replacing the ATP binding lysine residue,
is unable to mediate inositol lipid breakdown, calcium
release, elevation of intracellular pH, gene expression,
actin reorganization, chemotaxis or DNA synthesis (Escobedo et al. 1988; Westermark et al. 1990).
There has recently been some major progress in the
attempts to link the tyrosine kinase activities of the PDGF
receptors with the early signals in PDGF-stimulated cells,
and several substrates have been identified, which may
mediate some of the effects (Fig. 2). In many systems
studied, however, it is not possible to conclude whether the
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Fig. 2. Schematic illustration of intracellular signals arising
from dimerized and activated PDGP receptors (a-or /3). ®
symbolizes autophosphorylation of the receptor or
phosphorylation of substrates on tyrosine residues. X denotes
unknown substrates. For discussion see the text.

observed components are substrates for the kinases of the
a- or the /S-receptor, or both.
PDGF stimulates degradation of phosphatidylinositol
bisphosphate, which leads to the generation of two second
messengers, inositol trisphosphate, which releases intracellularly stored Ca 2+ and diacylglycerol, which activates
protein kinase C. A possible mechanism for this effect of
PDGF was recently unravelled when it was shown that an
enzyme that catalyzes the degradation of phosphatidylinositol bisphosphate, i.e. phospholipase C-y (PLC-y), is a
substrate for the PDGF receptor kinase in vivo and in vitro
(Meisenhelder et al. 1989; Wahl et al. 1989). The phosphorylation is most likely direct, i.e. no intermediate
kinases are involved, and PLC-y can be co-immunoprecipitated with the PDGF jS-receptor. However, the important
question of whether tyrosine phosphorylation of PLC-y
affects its enzymatic activity remains to be elucidated.
PDGF has also been found to regulate phosphatidylinositol metabolism in yet another way. Thus, a phosphatidylinositol-3'-kinase activity is activated by, and can be
co-immunoprecipitated with, the PDGF /S-receptor (Auger
et al. 1989; Coughlin et al. 1989). This enzyme catalyses
the phosphorylation of phosphatidylinositol or phosphatidylinositol phosphates at the 3' position in the inositol
ring, thus creating precursor molecules for novel inositol
phosphates with still unknown effects on signal transduction.
A third potentially interesting substrate for the PDGF
receptor kinase is a cellular GTPase-activating protein
(GAP), which specifically interacts with Ras proteins that
have been implicated in signal transduction pathways of
several growth factors (Mulcahy et al. 1985). Both PDGFAA and PDGF-BB were found to induce tyrosine phosphorylation of GAP and to induce a translocation of GAP
from the cytoplasm to the cell membrane (Molloy et al.
1989). It is an interesting possibility that the tyrosine
phosphorylation of GAP affects the interaction between
GAP and Ras proteins and thus modulates the signals that
arise from the GAP-Ras complex.
Finally, Raf-1, a serine/threonine kinase, has been
found to be phosphorylated by, and to co-immunoprecipitate with, the PDGF /3-receptor (Morrison et al. 1989).

Tyrosine phosphorylation of Raf-1 was found to lead to a 4to 6-fold increase of its serine/threonine kinase activity.
Interestingly, protein kinase C, which is structurally
related to Raf-1, is also activated in PDGF-stimulated
cells, but by an indirect mechanism involving stimulation
of phosphatidylinositol turnover (see above).
It ia of considerable interest that the signal pathway of
PDGF involves two protooncogene products. It is conceivable that constitutive activation of the products of ras and
raf, e.g. in conjunction with retroviral transduction, lead
to transformation of the cells by subverting the mitogenic
pathway of PDGF.
Future perspectives
The recent understanding that PDGF is a family of
isoforms that interact with two receptors in different
dimeric configurations implies a growth regulatory system
designed for fine tuning. The unravelling of the signal
transduction pathways linked to each receptor type will
guide our attempts to unravel the role of PDGF as a
physiological growth regulator and possibly lead to a
better understanding of its function in neoplastic transformation.
We thank Eva Hallin for valuable help in the preparation of
this manuscript and Kohei Miyazono for drawing the figures.
References
AUGER, K. R., SERUNIAN, L. A., SOLTOFF, S. P., LIBBY, P. AND CANTLBY,

L. C. (1989) PDGF-dependent tyrosine phosphorylation stimulates
production of novel polyphosphoinositides in intact cells. Cell 57,
167-175
BISHAYEE, S., MAJUMDAR, S., KHIRE, J. AND DAS, M. (1989). Ldgand-

induced dimerization of the platelet-derived growth factor receptor.
Monomer-dimer interconversion occurs independent of receptor
phosphorylation. J. biol. Cham 284, 11699-11705.
BOWBN-POPE, D. F., HART, C. E. AND SEirERT, R. A. (1989). Sera and
conditioned media contain different isoforms of platelet-derived growth
factor (PDGF) which bind to different classes of PDGF receptor. J. biol.
Chem. 264, 2502-2508.
CLAESSON-WBLSH, L., ERIKSSON, A , MOREN, A., SEVERINSSON, L., EK, B.,

OSTMAN, A., BETSHOLTZ, C. AND HELDIN, C.-H. (1988). cDNA cloning

and expression of a human platelet-denved growth factor (PDGF)
receptor specific for B-chain-containing PDGF molecules. Molec. cell.
Bwl. 8, 3476-3486.
CLABSBON-WELSH, L., ERIKSSON, A., WESTERMARK, B. AND HELDIN, C.-H.

(1989). cDNA cloning and expression of the human A type PDGF
receptor establishes structural similarity to the B type PDGF receptor.
Proc natn. Acad. Sci. U.SA. 86, 4917-4921.
COUGRUN, S. R., ESCOBEDO, J. A. AND WILLIAMS, L. T. (1989). Role of

phosphatidylinositol kinase in PDGF receptor signal transduction.
Science 243, 1191-1194.
COUSSENS, L., VAN BBVEREN, C., SMITH, D., CHEN, E., MITCHELL, R. L.,

ISACKB, C, VERMA, I. A. AND ULLHICH, A. (1986). Structural alteration

of viral homologue of receptor protooncogene fms at carboxyterminus.
Nature 320, 277-280
EK, B., WESTERMARK, B., WASTESON, A. AND HELDIN, C.-H. (1982).

Stimulation of tyrosine-specific phosphorylation by platelet-derived
growth factor. Nature 295, 419-420.
ESCOBEDO, J. A., BARR, P. J. AND WILLIAMS, L. T. (1988). Role of tyrosine

kinase and membrane-spanning domains in signal transduction by the
platelet-derived growth factor receptor. Molec. cell. Biol. 8, 5126-5131.
ESCOBEDO, J. A. AND WILLIAMS, L. T. (1988). A PDGF receptor domain
essential for mitogenesis but not for many other responses to PDGF.
Nature 335, 85-87.
GOUSTIN, A. S., BETSHOLTZ, C , PFEIFER-OHLSSON, S., PERSSON, H.,
RYDNERT, J., BYWATER, M., HOLMGREN, G., HELDIN, C.-H.,

WESTEBMARK, B. AND OHLSSON, R. (1985). Co-expression of the sis and

myc proto-oncogenes in human placenta suggest autocrine control of
trophoblast growth. Cell 41, 301-312.
GRONWALD, R. G. K., GRANT, F. J., HALDEMAN, B. A , HART, C. E.,
O'HARA, P. J , HAGEN, F S., ROSS, R., BOWEN-POPE, D. F. AND

Signal transduction by PDGF receptors

195

MURRAY, M. (1988). Cloning and expression of a cDNA coding for the
human platelet-derived growth factor receptor Evidence for more than
one receptor class. Proc. natn. Acad. Sci. U.SA. 85, 3435-3439.
GRONWALD, R. G. K., SEIFERT, R. A AND BOWEN-POPE, D. F (1989).

Differential regulation of expression of two platelet-derived growth
factor receptor subunits by transforming growth factor-beta. J. biol.
Chem. 284, 8120-8125.
HAMMACHBR, A., HELLMAN, U., JOHNSSON, A., GUNNARSSON, K., OSTMAN,
A., WESTERMARK, B., WASTESON, A AND HELDIN, C.-H. (1988). A major

part of PDGF purified from human platelets is a heterodimer of one A
chain and one B chain. J. biol. Chem. 263, 16493-16498.
HAMMAOHER, A., MELLSTROM, K., HBLDIN, C.-H. AND WESTERMARK, B

(1989). Isoform-specific induction of actin reorganization by plateletderived growth factor suggests that the functionally active receptor is
a dimer. EMBO J. 8, 2489-2495.
HART, C. E., FORSTROM, J. W., KELLY, J. D , SEIFERT, R A., SMITH, R. A.,

Ross, R., MURRAY, M. J. AND BOWEN-POPE, D. F. (1988). Two classes of
PDGF receptors recognize different isoforms of PDGF. Science 240,
1529-1531.
HART, I. K., RICHARDSON, W. D., HELDIN, C.-H., WESTBRMARK, B. AND

RAFT, M. C. (1989). PDGF receptors on cells of the oligodendrocytetype-2 aBtrocyte (O-2A) cell lineage. Development 105, 595-603.
HELDIN, C.-H., BACKSTROM, G., OSTMAN, A., HAMMACHER, A.,
RONNSTRAND, L., RUBIN, K., NISTER, M. AND WESTERMARK, B. (1988).

Binding of different dimeric forms of PDGF to human fibroblasts:
Evidence for two separate receptor types. EMBO J. 7, 1387-1394.
HELDIN, C.-H., ERNLUND, A., RORSMAN, C. AND RONNSTRAND, L. (1989).

Dimerization of B type PDGF receptors occur after ligand binding and
is closely associated with receptor kinase activation. J. biol. Chem.
264, 8905-8912.
HELDIN, C.-H., JOHNSSON, A., WENNEROREN, S., WERNSTEDT, C ,

BETSHOLTZ, C. AND WASTESON, A. (1986). A human osteosarcoma cell
line secretes a growth factor structurally related to a homodimer of
PDGF A chains. Nature 319, 511-515.
HELDIN, C.-H. AND WESTERMARK, B (1989). Platelet-derived growth
factor Three Uoforms and two receptor types. Trends Genet. 5,
108-111.
KAZLAUSKAS, A. AND COOPER, J. A. (1989). Autophosphorylation of the

PDGF receptor in the kinase insert region regulates interactions with
cell proteins. Cell 58, 1121-1133.
MATSUI, T., HEIDARAN, M., MIKI, T., TORU, M., POPESCU, N.,
LAROCHELLE, W., KRAUS, M , PIERCE, J AND AARONSON, S. A (1989a).

Isolation of a novel receptor cDNA establishes the existence of two
PDGF receptor genes. Science 243, 800-803.
MATSUI, T., PIERCE, J. H., FLEMING, T. P., GREENBERGER, J. S.,
LAROCHBLLE, W. J., RUGCIERO, M. AND AARONSON, S. A. (19896).

Independent expression of human a orfiplatelet-derived growth factor
receptor cDNAs in a naive hematopoietic cell leads to functional
coupling with mitogenic and chemotactic signaling pathways. Proc.
natn. Acad. Sci. U.S.A. 86, 8314-8318.
MEISENHELDER, J., SUH, P.-G., RHEE, S. G. AND HUNTER, T. (1989)

Phospholipase C-y is a substrate for the PDGF and EGF receptor
protein tyrosine kinases in vivo and in vitro. Cell 57, 1109-1122.
MERCOLA, M., MELTON, D. A. AND STILES, C. D. (1988). Platelet-derived

growth factor A chain is maternally encoded in Xenopus embryos.
Science 241, 1223-1225.
MOLLOY, C. J., BOTTARO, D. P , FLEMING, T. P., MARSHALL, M. S , GlBBS,
J. B. AND AARONSON, S. A. (1989). PDGF induction of tyrosine
phosphorylation of GTPase activating protein. Nature 342, 711-714.
MORRISON, D. K., KAPLAN, D. R., ESCOBEDO, J. A., RAPP, U. R., ROBERTS,

T. M. AND WILLIAMS, L. T. (1989). Direct activation of the
serine/threonine kinase activity of Raf-1 through tyrosine
phosphorylation by the PDGF /S-receptor Cell 58, 649-657.
MULCAHY, L. S., SMITH, M. R. AND STACEY, D. W. (1985). Requirement of

ras proto-oncogene function during serum stimulated growth of NTH
3T3 cells. Nature 313, 241-243.
NISTER, M., HAMMACHER, A., MELLSTROM, K., SIEOBAHN, A ,
RONNSTRAND, L., WESTERMARK, B. AND HELDIN, C.-H. (1988). A glioma-

derived PDGF A chain homodimer has different functional activities
than a PDGF AB heterodimer purified from human platelets. Cell 52,
791-799.
NOBLE, M., MURRAY, K., STOOBANT, P., WATERFIELD, M. D. AND RIDDLE,

P. (1988). Platelet-derived growth factor promotes division and
mobility and inhibits premature differentation of the
oligodendrocyte/type-1 astrocyte progenitor cell. Nature 333, 560-562.

196

C.-H. Heldin and B. Westermark

OSTMAN, A., RALL, L., HAMMACHER, A., WORMSTEAD, M. A., Corr, D.,
VALENZTJELA, P., BETSHOLTZ, C, WESTERMARK, B. AND HBLDIN, C.-H.

(1988). Synthesis and assembly of a functionally active recombinant
PDGF-AB heterodimer. J biol. Chem. 263, 16202-16208.
RAFF, M. C., LILLIEN, L. E., RICHARDSON, W. D., BUHN, J. F. AND NOBLE,

M. D. (1988). Platelet-derived growth factor from astrocytes drives the
clock that times oligodendrocyte development in culture. Nature 333,
562-565.
RAPPOLEE, D. A., BRENNER, C. A., SCHULTZ, R., MARK, D. AND WERB, Z.

(1988). Developmental expression of PDGF, TGF-o-, and TGF-0 genes
in preimplantation mouse embryos. Science 241, 1823-1825.
RICHARDSON, W. D., PRINOLE, N., MOSLEY, M. J., WKSTERMARK, B. AND

DUBOIS-DALCQ, M. (1988). A role for platelet-derived growth factor in
normal ghogenesis in the central nervous system. Cell 53, 309-319.
ROBBINS, K. C, LEAL, F., PIERCE, J. H. AND AARONSON, S. A. (1985). The

v-sw/PDGF-2 transforming gene product localizes to cell membranes
but is not a secretary product. EMBO J. 4, 1783-1792
Ross, R., RAINES, E. W. AND BOWEN-POPE, D. F. (1986). The biology of
platelet-derived growth factor. Cell 46, 155-169.
RUBIN, K., TINGSTROM, A., HANSSON, G. K., LARSSON, E., RONNSTRAND,
L., KLARESKOO, L., CLAESSON-WELSH, L., HELDIN, C.-H., FELLSTROM, B.

AND TERRACIO, L. (1988). Induction of B-type receptors for plateletderived growth factor in vascular inflammation: possible implications
for development of vascular proliferative lesions. Lancet i, 1353-1355.
SCHLMSINGER, J. (1988). The epidermal growth factor receptor as a
multifunctional allosteric protein. Biochemistry 27, 3119-3123.
SEIFIRT, R. A., HART, C. E., PHILLIPS, P. E., FORSTROM, J. W., Ross, R.,

MURRAY, M. AND BOWEN-POPE, D. F. (1989). Two different subunits
associate to create isoform-specific platelet-derived growth factor
receptors. J. biol. Chem. 264, 8771-8778.
SEVERINSSON, L , CLAESSON-WELSH, L. AND HBLDIN, C.-H. (1989). A

PDGF B type receptor lacking most of the intracellular domain
escapes degradation after ligand binding. Eur. J. Biochem. 182,
679-686.
SEVERINSSON, L., EK, B , MELLSTROM, K., CLAESSON-WELSH, L. AND

HELDIN, C.-H. (1990). Deletion of the kinase insert of the B-type PDGF
receptor affects receptor kinase activity and signal transduction.
Molec. cell. Biol. 10, 801-809.
SlEGBAHN, A , H A M M A C H B R , A . , WESTERMARK, B . AND HELDIN, C.-H.

(1990). Differential effects of the various isoforms of platelet-derived
growth factor on chemotaxas of flbroblasts, monocytes and
granulocytes. J. clin. Invest, (in press).
SMITS, A., HERMANSSON, M., NISTER, M., KARNUSHINA, I., HELDIN, C.-H.,

WESTERMARK, B. AND FUNA, K. (1989). Rat brain capillary endothelial
cells express functional PDGF B-type receptors. Growth Factors 2, 1-8.
STROOBANT, P. AND WATERFIBLD, M. D. (1984). Purification and properties
of porcine platelet-derived growth factor. EMBO J. 3, 2963-2967.
TERRACIO, L., RONNSTRAND, L., TINGSTROM, A., RUBIN, K., CLAESSON-

WELSH, L , FUNA, K. AND HELDIN, C.-H. (1988). Induction of platelet-

derived growth factor receptor expression in smooth muscle cells and
fibroblasts upon tissue culturing. J. Cell Biol. 107, 1947-1958.
WAHL, M. I., OLASHAW, N. E., NISHIBE, S., RHEE, S. G., PLEDGER, W. J.

AND CARPENTER, G. (1989) Platelet-derived growth factor induces
rapid and sustained tyroBine phosphorylation of phospholipase C-y in
quiescent BALB/c 3T3 cells. Molec. cell. Biol. 9, 2934-2943
WESTERMARK, B., BETSHOLTZ, C , JOHNSSON, A. AND HELDIN, C.-H. (1987).

Acute transformation by simian sarcoma virus is mediated by an
externalized PDGF-like growth factor. In Viral Carcinogens (ed. N. O.
Kjelgaard, J. Forchhammer), pp. 445—457. Munksgaard, Copenhagen.
WESTERMARK, B., SIEGBAHN, A., HELDIN, C.-H. AND CLAESSON-WELSH, L.

(1990). The B type receptor for platelet-derived growth factor mediates
a chemotactic response via ligand-induced activation of the receptor
protein tyrosine kinase. Proc. natn. Acad. Sci. U.SA. 87, 126-130
YARDEN, Y., ESCOBEDO, J. A., KUANG, W.-J., YANG-FENG, T. L., DANIEL,
T. O., TREMBLE, P. M., CHEN, E. Y , ANDO, M. E., HARKINS, R. N.,
FRANCKE, U , FRIEND, V. A., ULLRICH, A AND WILLIAMS, L. T. (1986).

Structure of the receptor for platelet-derived growth factor helps define
a family of closely related growth factor receptors. Nature 323,
226-232.
YARDEN, Y., KUANG, W.-J., YANG-FENG, T., COUSSENS, L., MUNEMITSU,
S., DULL, T. J., CHEN, E., SCHLESSINGER, J , FRANCKE, U. AND ULLRICH,

A. (1987) Human protooncogene c-kit: A new cell surface receptor
tyrosine kinase for an unidentified ligand. EMBO J 6, 3341-3351.

