
Signal Transduction by the Platelet-Derived 
Growth Factor Receptor 

When platelet-derived growth factor (PDGP) binds to its 
receptor on a quiescent fibroblast or smooth muscle cell, 
it stimulates a remarkably diverse group of biochemical 
responses, including changes in ion fluxes, activation of 
several kinases, alterations in cell shape, increased tran- 
scription of a number of genes, and stimulation of en- 
zymes that regulate phospholipid metabolism. These and 
other reactions culminate, hours later, in DNA replica- 
tion and cell division. How does the receptor for PDGF 
recognize and bind its specific ligand and then transduce 
this signal across the cell membrane via a single mem- 
brane-spanning region? Which of the immediate cellular 
responses are directly involved in the biochemical path- 
ways that lead to DNA synthesis? How does the PDGP 
receptor trigger a diverse group of responses? Recent 
studies of the PDGF receptor have provided insight into 
these issues. 

S ERUM DERIVED FROM CLOTTED WHOLE BLOOD IS BETTER AT 

stimulating proliferation of vascular smooth muscle cells and 
fibroblasts than is plasma from which platelets have been 

removed. It was this observation that led to the discovery of platelet- 
derived growth factor (PDGF) as a growth-promoting substance 
that is released from platelets when they adhere to the surface of an 
injured blood vessel (1, 2). The earliest studies of PDGF emphasized 
its role in stimulating the proliferation of vascular smooth muscle 
cells, a process that can cause pathological narrowing of the lumen 
of a blood vessel at the site of an atherosclerotic plaque. In recent 
years it has become apparent that tissues other than platelets are also 
sources of PDGF. For example, endothelial cells that line the inner 
surface of blood vessels produce PDGF under the tight control of a 
number of factors that regulate transcription of PDGF genes (3, 4). 
Macrophages may be an important source of PDGF in the normal 
response of tissue to wounding and in inflammatory conditions (5). 
Other roles for PDGF in normal developmental biology have been 
proposed as a result of the finding of PDGF in the placenta (6), the 
early mouse embryo ( 7 ) ,  Xenopus embryos ( 8 ) ,  and astrocytes of 
developing optic nerves (9). 

The human platelet form of PDGF is predominantly a disulfide- 
linked dimer of two homologous peptides termed A and B (10). 
Homodimeric AA and BB forms of PDGF have been found in 
several cultured cell lines and appear to participate in a number of 
processes in vivo, although the specific biological roles of the AB, 
AA, and BB dimeric forms have not been clarified. The homodi- 
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meric form of PDGF encoded by the v-sis oncogene is closely related 
to the BB homodimer in its amino acid sequence (11, 12). When 
expressed in cells that have PDGF receptors, ;his oncogene-encoded 
prbtein causes cell transformation by activating the receptors inside 
the cell before the receptors reach the cell surface in their biosynthet- 
ic pathway (13). From recent studies of the expression of the A 
chain, B chain, and receptor for PDGF in diseased blood vessels it 
seems likely that PDGF plays a role in atherosclerosis (14). The 
PDGF systkm may be invdlved in other fibroproliferative pathologi- 
cal processes, including pulmonary fibrosis, glomerulonephritis, 
myelofibrosis, keloid formation, and carcinogenesis. However, the 
definitive role of PDGF in these urocesses will urobablv not be 
understood until a specific antagonist of the action of this factor is 
available or until animals are produced that are deficient in PDGF or 
its receptor. 

Structure of the PDGF Receptor 
The PDGF receptor was first identified as a 180- to 190-kD 

membrane glycoprotein by the covalent cross-linking of 125~-labeled 
PDGF (AB heterodimeric form) to intact cells (15) or to membrane 
preparations (16). The receptor can be found on vascular smooth 
muscle cells, fibroblasts, and glial cells, but is not present on 
endothelial cells or on most hehatopoietic cells. Like the insulin, 
epidermal growth factor (EGF), colony-stimulating factor-1 (CSF- 
l ) ,  and insulin-like growth factor-1 (IGF-1) receptors, the PDGF 
receptor has intrinsic tyrosine kinase activity (17-19), and its amino 
acid sequence contains an easily recognizable tyrosine kinase domain 
(20). When quiescent fibroblasts are stimulated by PDGF, the 
predominant &ro~ine-~hos~horylated species is the receptor itself 
(20). It was this property of the PDGF-activated kinase that allowed 
purification of the PDGF receptor by affinity chromatography with 
antibodies that recognize phosphotyrosine (21). The receptor was 
phosphorylated by stimulating mouse fibroblasts with human plate- 
let PDGF that was predominantly of the AB form. Thus the 
receptor was purified on the basis of the sensitivity of its kinase to 
the AB form of PDGF. Oligonucleotide probes designed from 
partial amino acid sequences were used to isolate the cDNAs for the 
mouse (20) and closely related human (22-24) PDGF receptors. 

Several features of the amino acid sequence of the PDGF receptor 
(Fig. 1) have been used to categorize related receptor molecules into 
a class that includes the receptor for CSF-1 (25) and the c-kit proto- 
oncogene, which is a putative receptor for an unknown ligand (26). 
The most striking of these structural features is the organization of 
the extracellular region into five immunoglobulin-like domains (D 1 
to D5) (Fig. 1). The other distinctive characteristic of this class of 
receptors is that there is a large region that interrupts the coding 
sequence of the tyrosine kinase domain (20). Thus the kinase 
domain, which is clearly recognizable by its amino acid homology to 
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Fig. 1. Representation 
of PDGF receptor struc- 
tural domains. The 
extracellular portion of 
the molecule consists of 
five imrnunoglobulin- 
like domains, D l  to D5. 
The cytoplasmic region 
contains sequences ho- 
mologous to other tyro- 
sine kinases (boxes). The 
kinase sequences are in- 
terrupted by the kinase 
insert (KI) domain. The 
c-kit protein, CSF-1 re- 
ceptor, and a recently 
discovered PDGF recep- 
tor-like molecule (70) 
have an identical organi- 
zation of domains in that 
they have five irnmuno- 
globulin domains and a 
kinase insert region. 

Tyrosine 
kinase 

Kinase 
iqsert (KI) 

Carboxyl-terminal 
region 

the other tyrosine kinases such as the oncogene tyrosine kinases, is 
considerably larger than the more "conventional" tyrosine kinase 
domains (27). We have termed the sequence that interrupts the 
kinase domain the "kinase insert" (KI) region of the receptor (20). 
The KI regions of the PDGF receptor, c-kit protein (26), and CSF-1 
(25) receptor are different in specific sequences and length, but are 
found at precisely the same location within their respective kinase 
domains. It is possible that the KI sequences represent a structural 
"excursion" from the sequences that actually form the active site of 
the kinase. All of the tyrosine kinase molecules that have large KI 
domains also have five external immunoglobulin-like domains, an 
indication that the receptors in this group may have a common 
ancestry. 

The other features of the PDGF receptor determined from the 
primary amino acid sequence are the presence of a single membrane- 
spanning segment and a "jwtamembrane" region that connects the 
first kinase domain with the transmembrane domain (20). Little is 
known about the juxtamembrane region except that its length of 
approximately 47 amino acids is highly conserved among the 
receptor tyrosine kinases. The carboxyl-terminal domain of the 
PDGF receptor is distinctive in sequence but has no easily predict- 
able structure, and its function is also unknown. 

Gronwald et al.  (23) and Heldin et al.  (28) showed that radioiodi- 
nated AA and BB forms of PDGF bind to cells with at least two 

Flg. 2. Schematic representation of an immuno- 
globulin G (I@) molecule and some receptor 
molecules that have immunoglobulin-like do- 
mains. The light chain constant and variable (CL 
and VL) domains and heavy chain constant and 
variable (CH and VH) domains are shown. Disul- 
fide bonds are represented by S-S. 

different specificity patterns, an indication that more than one type 
of PDGF receptor exists. Although interpretations of the data on 
PDGF receptor subtypes have differed, the findings are all consistent 
with the existence of more than one type of PDGF receptor. The 
relative amounts of the subtypes seem to differ among different types 
of cells. The mitogenic and tyrosine kinase activation of 3T3 cells 
and smooth muscle cells appear to be due predominantly to the form 
of the receptor that preferentially binds the BB form of PDGF (29). 
Although the AA form of PDGF binds and activates this receptor at 
high concentrations (29), it binds with higher a f i i t y  to another 
receptor subtype (24, 28) whose amino acid sequence and biological 
role have not yet been determined. Since most of the information 
regarding signal transduction has come from studies of the receptor 
that preferentially binds BB PDGF, this article deals exclusively with 
this type of receptor, and for simplicity, the term "PDGF receptor" 
is used to denote the BB receptor subtype. 

The PDGF-Binding Domain of the Receptor 
When the primary structure of the mouse PDGF receptor was 

determined by cDNA sequencing (20), the regularity of the spacing 
of cysteine residues in the extracellular domain was an obvious 
structural feature that distinguished the PDGF receptor from the 
insulin and EGF receptors, which have well-defined cysteine-rich 
clusters. After close analysis of the extracellular domain of the PDGF 
receptor, five P-sheet-rich repeats of around 100 amino acids, each 
resembling an immunoglobulin variable or constant region, were 
identified. A representation of a typical immunoglobulin G mole- 
cule is shown in Fig. 2. The constant region domains, labeled CH 
and CI . are structirallv similar to each bther. as are the variable -. 
domains, VL and VH, which form a binding site for antigen. 
Disulfide bonds are important structural components of each do- 
main and also hold toge;her the heavy and ligh; chains (Fig. 2). The 
domains associate in pairs through noncovalent interactions. The 
structures of immunoglobulin variable and constant domains have 
been studied extensively by crystallographic techniques (30). Each 
domain can be described as a sandwich of two P-sheets that are, in 
turn, formed by an antiparallel arrangement of P-strands (represent- 
ed by the letters A to D in Fig. 3). The two sheets of each domain 
are pinned together by a single disulfide bond, indicated by S-S in 
Fig. 3. A variable domain differs from a constant domain in that it 
possesses one or two extra p-strands, labeled C' and C in Fig. 3. 
The amino acids that form the contact sites with antigen are typ~cally 
located in the loops between P-strands and are termed complemen- 

lmrnunoglobulin G ", T cell receptor IL-1 receptor IL-6 receptor 
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Fig. 3. Folding patterns of (A) immunoglobulin constant (C) and variable 
(V) domains and (B) postulated folding pattern of PDGF receptor imnuno- 
globulin-like domains. Each of the letters A to G represents a @-strand. 
Disulfide bonds are represented by S-S. The complementarity determining 
regions of the variable domain lic between strands B and C, between C' and 
C", and benveen F and G. The positions of introns of the PDGF receptor 
gene are shown by arrows (72). 

tarity determining regions. Although there is considerable variabili- 
ty in specific sequences among immunoglobulin domains, the 
topology of the P-strands is highly conserved (31). 

The proposal that the extracellular region of the PDGF receptor 
consists of five immunoglobulin-like domains is based on a number 
of observations. First, the amino acid sequence contains five regular 
repeats, each of the appropriate size for an immunoglobulin domain. 
Each repeat, except the fourth, has characteristically spaced cysteine 
residues that are a diagnostic feature of an immunoglobulin domain. 
The receptor sequence has other important features of an immuno- 
globulin domain-for example, the presence of characteristically 
positioned tryptophan and tyrosine residues within the irnmuno- 
globulin-like domains (31). Direct sequence comparison of seg- 
ments of the receptor with corresponding segments of true immu- 
noglobulin domains shows a statistically significant similarity be- 
tween PDGF receptor domains and immunoglobulin domains 
(Table 1). The argument that the receptor domains assume the 
folding pattern of immunoglobulin domains can be strengthened by 
examining the predicted secondary structure of the receptor. The @- 
strand topology predicted by Bazan and Fletterick (32), using the 
Garnier-Robson algorithm (33), a turn predictor program (34), and 
a Fourier analysis of hydrophobic sequence pattern, is shown in Fig. 
3B. The first two domains of the receptor have only six potential @- 
strands and would therefore resemble an immunoglobulin constant 
domain. The third and fourth domains are long enough to form an 
extra strand. The fifth domain more closely resembles a variable 
healy chain domain in length. The CSF-1 receptor and c-kit proto- 
oncogene have an identical pattern of domain organization, suggest- 
ing that this domain structure (Fig. 3) is important for both ligand 
recognition and signal transduction. A final point in support of the 
proposed domain structure of the PDGF receptor relates to the exon 
structure of the receptor gene. A common characteristic of mole- 
cules in the immunoglobulin gene superfamily is that most of the 
immunoglobulin-like domains are encoded by a single exon that 
defines the boundaries of the domain (31). For a few of these 
molecules, especially those in the cell adhesion molecule group, a 
single additional intron is found within the domain sequences (31). 
As depicted in Fig. 3, the intron-exon junctions of each of the 
PDGF receptor immunoglobulin domain are at the domain bound- 
aries except for the single introns that fall within the coding 
sequences of the third and fourth domains (35). 

The presence of immunoglobulin-like domains in the extracellular 
regions of transmembrane proteins seems to be a feature shared by a 

number of molecules that have recognition functions. The PDGF 
receptor, CSF-1 receptor, and c-kit protein belong to a structurally 
related family that probably includes additional members. Several 
other growth-promoting receptors, including the T cell receptor 
(34,  the interleukin-1 receptor (37), and the interleukin-6 receptor 
(38), have immunoglobulin-like domains (Fig. 2). A number of cell 
adhesion molecules also have immunoglobulin-like domains. In 
particular, the neural cell adhesion molecule (39) is clearly similar to 
the PDGF receptor in immunoglobulin domain organization recep- 
tor (Table 1). On the basis of this comparison, one can speculate 
that growth factor receptors may be involved in direct cell-cell 
interactions and may function as adhesion molecules. 

Signal Transduction Across the Membrane 
The mature PDGF receptor sequence has only one hydrophobic 

sequence that is long enough to span the plasma membrane. The 
amino acid sequence for the membrane-spanning region is predicted 
to form a rigid a-helix that has rather unremarkable surface features 
except perhaps some potential hydrogen bonding structures involv- 
ing the serine, threonine, and tryptophan residues. Many transmem- 
brane regions of other receptors contain several serines and threo- 
nines that have no known function. We examined the sequences of 
transmembrane segments for the known growth factor receptors 
and have found no recognizable pattern in the positioning of these 
residues. The membrane-spanning regions of the PDGF receptor, 
CSF-1 receptor, and c-kit protein have no significant sequence 
similarity, except for the presence of hydrophobic residues. Howev- 
er, the transmembrane regions of the human and mouse PDGF 
receptors (22-24) are almost identical. This degree of sequence 
identity suggests that this sequence is functionally important and 
that the transmembrane region serves some function other than 
simply providing a membrane anchor. 

To study the role of the transmembrane region, Escobedo et 01. 
(40) replaced this segment of the PDGF receptor with transmem- 
brane sequences of other receptors. The "donor" transmembrane 
sequences we chose in these experiments were those of the low 
density lipoprotein (LDL) receptor and the normal and transform- 
ing forms of the neu gene. The normal neu gene encodes a tyrosine 
kinase receptor-like molecule that binds an unknown ligand (41); a 
single amino acid change-valine to glutamic acid-in the trans- 
membrane region is responsible for the transforming activity of the 

Table 1. Comparison of amino acid sequences of five immunoglobulin-like 
repeats of the mouse PDGF receptor ( D l  to D5) with those of immuno- 
globulin and neural cell adhesion molecules. Alignment scores generated by 
the ALIGN program are shown for pai~~vise con~parisons benveen the 
immunoglobulin-like repeats of the mouse PDGF receptor and a human 
immunoglobulin p. constant domain (MHHU), human immunoglobulin K 
variable domain (KIHUW'E), and the five domains ( D l  to D5) of a chicken 
neural cell adhesion molecule (ChNChM). The abbreviations are from the 
National Biomedical Research Foundation code (71). These scores arc 
expressed in standard deviations from the mean of 300 randomized compari- 
sons at a gap penal? of 7 with the mutation data matrix bias of t 5. Scores 
above 3 represent significant similarities. These alignments were performed 
by F. Bazan at the University of California at San Francisco. 

-- 

Mouse ChNCrLll 
PDGF MHHU KIHUWE 

receptor D l  D2 D3 1>4 D5 
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neu oncogene (41). Experimentally .the switch in transmembrane 
regions was accomplished by constructing chimeric cDNAs and 
expressing each of these in Chinese hamster ovary (CHO) fibroblast 
cells that lack PDGF receptors (42). The chimeric receptors were 
then tested for their ability to bind PDGF and to respond with an 
increase in tyrosine kinase activity after PDGF stimulation. None of 
the PDGF receptor molecules with transmembrane region replace- 
ments responded to PDGF with an increase in tyrosine kinase, even 
though all of them bound PDGF with high affinity (42). This 
finding shows that the transmembrane region is not simply a 
membrane anchor but plays an important fimctional role in signal 
transduction. 

How does the PDGF receptor transduce signals across the 
membrane? There are a numbe; of possible models (Fig. 4). First, 
when PDGF binds to the receptor, a conformational change could 
be propagated by perturbing the structure of the transmembrane a -  
helix. However. it is conce~tuallv difficult to envision how the 

L ,  

structure of the transmembrane region, which is essentially insulated 
from the rest of the molecule, could be altered after ligand binds to 
the extracellular region. A second model is that PDGF binding 
somehow displaces the molecule a short distance in a direction 
perpendicular to the plane of the membrane, thereby altering 
intramolecular interactions in the cytoplasmic domain. There is little 
direct evidence for or against this mechanical model, but it does not 
predict that the sequences in the center of the membrane region 
would have a high degree of conservation. Therefore this model 
does not account for the identity of human and mouse PDGF 
receptor transmembrane sequences. In a third model, PDGF may 
induce receptor dimerization to form an active site that requires a 
dimeric skc tu re  to recognize a specific substrate for the tyrosine 
kinase. In a fourth model that is similar to the third model, the 
receptor may be a dimer in its native state in the absence of ligand. 
When PDGF binds, the relationship of the two extracellular compo- 
nents of the dimer may be altered. Since the transmembrane a- 
helical regions are relatively rigid, there would be a concomitant 
alteration in the intracellular substrate-binding regions of the dimer 
when PDGF binds to the extracellular domain. In a related model, 
the PDGF receptor could be a component of a heterodimer that 
includes another unidentified molecule. The heterodimer model is 
conceptually identical to the third and fourth homodimer receptor 
models described above. 

Are the dimeric models (Fig. 4) consistent with the apparent 
requirement for specific transmembrane segments of the receptor? If 
the PDGF receptor molecule is relatively inflexible along an axis 
perpendicular to the membrane, then the rotational angle of the 
external domain relative to the cytoplasmic domain around this axis 

may be critical. The kinase domains of the receptor dimer may 
require a specific relative orientation to form an active site. Muta- 
tions in the transmembrane a-helix that may alter the pitch or length 
of the helix may significantly alter orientation of the cytoplasmic 
domain in relation to the extracellular domain and thus may hinder 
the formationof an intracellular active site after ligand binds to the 
extracellular region. This type of dimeric model accounts for 
specificity and conservation of transmembrane sequences as well as 
the existence of dimeric molecules in the unactivated state of the 
receptor. Fortunately the third and fourth models described above 
are experimentally testable and are under investigation in a number 
of laboratories. Although the ligands for the homologous PDGF 
and CSF-1 receptors have dissimilar sequences, they are both 
&sulfide-linked dimers and may interact with two subunits of a 
receptor dimer. Both CSF-1 and PDGF receptors have irnrnuno- 
globulin-like extracellular domains and also have KI regions and are 
likely to utilize similar signal transduction mechanisms. It would be 
of interest to know whether the ligand of the c-kit protein is also a 
disulfide-linked dimer. 

PDGF-Induced Change in Receptor 
Conformation 

When PDGF binds to its receptor there may be a structural 
change in either the folding pattern of the cytoplasmic portion of the 
receptor or in the association of this region with other molecules. 
Keating et al.  (44) prepared antisera directed at peptides from several 
regions of the PDGF receptor molecule and tested the hypothesis 
that the binding of PDGF to the receptor would alter the exposure 
of some epitopes by either changing intramolecular folding or 
intermolecular interactions. In these experiments intact fibroblasts 
were stimulated by PDGF, and cell extracts prepared under nonde- 
naturing conditions were immunoprecipitated with the series of 
antisera. One antiserum was able to discriminate between a receptor 
that had been stimulated by PDGF and an unstimulated receptor. 
This antiserum, which was directed against sequences in the c-tail 
domain near the junction of this domain and the second kinase 
domain (Fig. l ) ,  precipitated seven times more receptor from 
PDGF-stimulated cells than from unstimulated cells (44). The same 
antiserum recognized PDGF-stimulated and unstimulated receptors 
equally well under denaturing conditions. Thus under nondenatur- 
ing conditions the antiserum recognized a change in exposure of its 
epitope, probably caused by a PDGF-induced change in conforma- 
tion of the receptor. PDGF induced this change in vitro, but only in 
the presence of adenosine triphosphate (ATP). Nonhydrolyzable 

: 1 j:: 2, 

Fig. 4. Several possible mechanisms of signal transduction. The first mechanism involves perturbing the structure of the a-helix that spans the membrane. The 
second mechanism involves a displacement of the receptor molecule perpendicular to the plane of the membrane. In the third mechanism, PDGF induces 
dimerization of the receptor. In the fourth mechanism, the receptor is a dimer even in the absence of PDGF, and PDGF alters the relative positions of the 
components of the dimer. 
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analogs of ATP that would act as competitive antagonists of ATP 
blocked the conformational change induced by PDGF. The most 
likely explanation of these and other observations is that the 
conformational change is a consequence of receptor autophospho- 
rylation (44). Further support for this idea has come from experi- 
ments on mutants of the PDGF receptor that lack tyrosine kinase 
activity and fail to undergo the conformational change in response 
to PDGF (45). However, we have constructed two receptor mu- 
tants--one with a deleted KI region and another with an altered 
autophosphorylation site-that have tyrosine kinase activity but do 
not undergo conformation change (45). Thus kinase activity appears 
to be necessary but not sufficient for the change in conformation. In 
all of the mutants we have tested there is a one-to-one correlation 
between the ability of the mutant PDGF receptors to undergo 
conformational change and their ability to stimulate DNA synthesis, 
an indication that this change may be an essential step in signal 
transduction (45). This conformational change could be a feature of 
any of the models described in the previous section, but might be 
especially relevant to the first and fourth models (Fig. 4). 

Activation of Intracellular Pathways 
When PDGF binds to its receptor it rapidly stimulates a group of 

"early" responses that occur in minutes. These include activation of 
the tyrosine kinase, hydrolysis of phosphatidylinositol (PI) (46), 
alterations in cellular p H  (47), increase in cytosolic calcium levels 
(48), a dramatic change in the cytoskeleton (49), increased expres- 
sion of a group of genes (5&55), elevation of cellular cyclic 
adenosine monophosphate (CAMP) (56), and internalization and 
degradation (downregulation) of the receptor. How do these events 
culminate in DNA svnthesis? What other cellular reactions are 
involved? How are these responses interrelated? Is tyrosine receptor 
kinase activity required to induce PI hydrolysis? To explore these 
issues, we altered the structure of the receptor by site-directed 
mutagenesis and measured the fimctional consequences of the 
mutations. Experimentally this was achieved by expressing normal 
and mutated receptor cDNA sequences in CHO cells, which 
normally lack PDGF receptors. Stable transfectants were analyzed 
for their responses to PDGF. 

Role ojtyrosine kinase. We studied the role of tyrosine kinase in the 
cellular response to PDGF by constructing mutants of the PDGF 
receptor that are defective in PDGF-stimulated tyrosine kinase 
activity. To ensure that the alteration in PDGF responsiveness 
observed in the mutant receptors could be attributed td the loss of 
tyrosine kinase activity, and not merely to conformational changes 
caused by the mutation, we inactivated the kinase by three indepen- 
dent muiations (40). The first was to convert the codon for lysine at 
the ATP binding site (amino acid position 602) to an alanine codon. 
In the second mutation the coding sequences for 9 7  of the 145 
carboxyl-terminal amino acids were deleted, thus removing most of 
the sequences 3' to the kinase domain. The third group of muta- 
tions, described in the previous section, involved replacing the 
transmembrane sequences of the PDGF receptor with the trans- 
membrane sequence of another molecule, such as the LDL receptor, 
the neu oncogene, or the nontransforming counterpart of the neu 
gene. The results of these studies on kinase-deficient mutants are 
summarized in Fig. 5. 

Most responses to PDGF, including PI turnover, change in 
calcium levels, alteration in cellular pH, and DNA synthesis, could 
not be elicited in the transfectants expressing kinase-deficient mu- 
tants of the receptor even though the mutated receptors could bind 
PDGF with high afmity (KD,  0.1 to 0.3 nM). This result was 
consistent with b u r  expectation that tyrosine kinase plays a pivotal 

role in most of the responses to PDGF. However, one response, 
PDGF-stimulated receptor downregulation, occurred normally even 
in the kinase-deficient mutants (40). Thus ligand-induced internal- 
ization and degradation of the PDGF receptor do not involve 
tyrosine kinase activity. Recently the opposite conclusion-namely, 
that kinase activity is required for downregulation-was made for 
the insulin and EGF receptors (57-59). 

The tyrosine kinase substrates that are important in the mitogenic 
response to PDGF have not yet been identified. Antibodies to 
phosphotyrosine detected 85-, 75-, and 34-kD proteins that are 
phosphorylated on tyrosine residues when fibroblasts are stimulated 
by PDGF. Kaplan et al. (60) suggested that the 85-kD substrate is a 
phosphatidylinositol kinase, although this identification has not 
been conclusively established. The 75-kD protein may be the raf 
proto-oncogene product that is a serinetthreonine kinase (61). The 
34-kD protein substrate of the PDGF tyrosine kinase has not been 
identified. Numerous other less prominent substrates of the PDGF 
receptor tyrosine kinase can be visualized with antibodies to phos- 
photyrosine. It has been difficult to assess the importance of any of 
these substrates as putative mediators of the biochemical responses 
to PDGF. Nor is the effect of receptor autophosphorylation on 
receptor function understood. This has been a difficult problem 
since there are 28 cytoplasmic residues that are potential targets of 
the autophosphorylation reaction. The role of one of these residues 
in PDGF receptor function, the tyrosine at amino acid position 825, 
has been examined. This tyrosine is in a position equivalent to 
tyrosine-416 of the v-src protein (62). In view of the apparent role of 
this tyrosine in regulating v-src tyrosine kinase activity (62-64), we 
converted tyrosine-825 to phenylalanine. This receptor mutant has a 
markedly attenuated ability to mediate PDGF-stimulated cell prolif- 

Kinase deficient 
I 

WT ATP CT TM Aki 

Binding + + + + + 
Autophosphorylation + - - - + 
PI hydrolysis + - - - + 
Ca2+ increase + - - + 
pH change + - - + 
Downregulation + + + + + 
PI kinase + - - - - 

Conformation change + - - - - 
DNA synthesis + - - - - 

Fig. 5. Signal transduction by PDGF receptor mutants. Mouse PDGF 
receptor cDNA was altered by site-directed mutagenesis, and the mutant 
receptors were expressed in CHO cells (40, 66). Stick figures represent the 
wild-type receptor (WT), the ATP-binding site mutant (ATP), a receptor 
that has a deletion of its carboxyl-terminal region (CT), the transmembrane 
substitution mutants (TM), and the mutant that has a deletion of its KI 
domain (AKI . The responses measured for each mutant include high affinity 2 bin,ding of '' I-labeled PDGF and receptor autophosphorylation in respons- 
es to stimulation of intact cells by PDGF (autophosphorylation). PDGF- 
stimulated phosphatidylinositol (PI) hydrolysis, increase in cellular calcium, 
change in pH, receptor downregulation, phosphatidylinositol kinase, recep- 
tor conformational change, and DNA synthesis were measured as described 
(44, 66). (+) Responses of cells were quantitatively similar to those of wild- 
type cells; (-) responses were significantly impaired in comparison to those 
of wild-type cells. 
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eration and does not phosphorylate the 34-kD PDGF receptor 
substrate, even though more than 50% of its autophosphorylating 
activity is preserved (65). Further studies will be required to 
determine whether this change in substrate specificity of the kinase 
is important in the loss of mitogenic activity by this mutant receptor. 

Kinase insert region. The receptors in the PDGF receptor family 
differ from the insulin, EGF, and IGF-1 receptors in having a large 
sequence that interrupts the tyrosine kinase domain. The function of 
this KI domain is not known. However, the fact that some growth 
factor receptors lack a large KI region suggests that some basic 
functions of the receptor might not require this domain. For this 
reason, Escobedo and Williams (66) deleted 83 amino acids of this 
100-amino acid region from the cDNA sequence and expressed this 
mutant form (AKI) of the receptor in CHO cells, which lack PDGF 
receptors. Since we anticipated that the mutant receptors might be 
functionally defective, we selected transfectants that had a larger 
number of receptors per cell than the wild-type receptor transfec- 
tants. In these experiments the cells that expressed a large number of 
AKI mutant receptors had essentially the same levels of PDGF- 
induced receptor autophosphorylation, PI turnover, p H  alteration, 
and increase in intracellular calcium as wild-type transfectants, an 
indication that the KI region was not absolutely required for these 
responses. By contrast, the AKI receptor transfectants had a marked- 
ly blunted mitogenic response that was apparent in measurements of 
DNA synthesis or in cell number after PDGF treatment (66). These 
findings show that the early cellular responses to PDGF, including 
PI turnover, p H  change, and calcium increase, are not sufficient to 
explain PDGF-induced cell proliferation. The results also showed 
that the KI domain plays an important role in PDGF-induced 
mitogenesis. It may be an oversimplification to state that this 
domain has a specific function other than to determine the substrate 
specificity of the tyrosine kinase domain. However, the deletion 
mutant has been a useful experimental tool for identification of 
cellular pathways that are important in the mitogenic response to 
PDGF. 

Stimulation ofphosphatidylinositol hydrolysis and activation ofphosphati- 
dylinositol kinase. PDGF is extremely effective in stimulating the 
hydrolysis of phosphatidylinositol (PI). This process produces 
diacylglycerol and inositol phosphate second messengers, which 
activate protein kinase C and calcium-mediated pathways, respec- 
tively. Measurements of PI hydrolysis by PDGF receptor mutants 
(Fig. 5) suggested that tyrosine kinase is required for the activation 
of the phospholipase C by PDGF. In addition to its stimulatory 
effect on PI hydrolysis, PDGF may have another role in regulating 
PI metabolism. When stimulated by PDGF, the receptor physically 
associates with a kinase that uses phosphatidylinositol as its substrate 
(60, 67). This type of PI kinase has been shown by Whitman et al. 
(68) to phosphorylate phosphatidylinositol on the D-3 position on 
the inositol ring. The predicted effect of this phosphorylation is the 
generation of a novel substrate of phospholipase C and consequently 
the production of a new set of potential second messengers pro- 
duced by PDGF-induced phosphatidylinositol hydrolysis. These 
findings suggest that PDGF may have two effects on PI metabolism. 
The first is to stimulate phospholipase C activity and the second is to 
alter the type of inositol phosphate second messengers produced by 
the action of phospholipase C. The latter effect awaits experimental 
confirmation. 

Coughlin et al. (67) examined the ability of PDGF receptor 
mutants to associate with PI kinase (Fig. 5) and found that the 
mutants that lack tyrosine kinase activity fail to associate with PI 
kinase activity. However, the AKI mutant receptor, which has 
autophosphorylating activity and stimulates PI hydrolysis, had no 
PDGF-sensitive PI kinase activity associated with it. This mutant 
was also defective in mediating DNA synthesis. From these data we 

concluded that PDGF-induced association of the receptor with PI 
kinase might be an important step in the mitogenic action of PDGF, 
but clearly is not required for PDGF-stimulated PI hydrolysis. We 
have speculated that-the PI kinase is important in novel 
second messengers that play a role in the proliferative response to 
PDGF and that these messengers are not generated by the AKI 
mutant receptors. Experiments to test this hypothesis are under way. 

Induction of Gene Expression by PDGF 
Upon binding PDGF, quiescent cells reenter the cell cycle, a 

process that requires dramatic changes in many biochemical reac- 
tions and is associated with alterations in expression of a number of 
genes. Among the first demonstrations of this phenomenon were 
the findings that PDGF increases expression of c-myc and c-fos 
proto-oncogenes, which encode proteins involved in the regulation 
of cell growth and differentiation (50-52). Within minutes of 
binding to its receptor, PDGF stimulates c-fos and c-myc transcrip- 
tion through at least two pathways, one that is mediated by protein 
kinase C and one that is not (69). The molecular mechanisms of 
these pathways have not been elucidated, but it seems likely that 
both pathways culminate in the covalent modification of a protein 
that binds directly to DNA or to another protein that is constitutive- 
ly bound to a regulatory region of DNA. The intervening steps may 
consist of a cascade of kinase reactions that involve tyrosine, serine, 
and threonine kinase enzymes. Unfortunately the field of growth 
factor receptor studies has not yet converged with the field of 
transcriptional regulation to yield a cohesive picture of the interme- 
diate steps between the cell surface receptor and nuclear transcrip- 
tional events. 

Many genes other than c-myc and cfos are regulated by PDGF 
(50, 53, 55). In no case is the molecular mechanism of this regulation 
clearly understood. Substrates of tyrosine kinase are likely to be 
intermediates in the regulation of transcription by the PDGF 
receptor, although these substrates have yet to be identified. 

Concluding Remarks and Summary 
This year there have been a number of experimental findings that 

have provided insight into the mechanism of signal transduction by 
the PDGF receptor. 

1) The extracellular region of the PDGF receptor consists of five 
immunoglobulin-like domains that constitute the PDGF binding 
site. The CSF-1 receptor, c-kit proto-oncogene, and at least one 
other receptor-like molecule, which may be the receptor for the AA 
form of PDGF (70), are structurally related to the PDGF receptor in 
that they have a similar extracellular domain organization and have a 
kinase insert region in the cytoplasmic region. 

2) Signal transduction by the PDGF receptor is causally associat- 
ed with a conformational change of the receptor protein in the 
carboxyl-terminal region of the molecule. There is a close correlation 
between the ability of receptor mutants to undergo this conforma- 
tional change and their ability to mediate a mitogenic response to 
PDGF. 

3) The transmembrane region of the PDGF receptor serves a 
specific role other than simply providing a membrane anchor for the 
molecule. When transmembrane regions of other receptors are 
substituted for the PDGF receptor transmembrane sequences, the 
chimeric receptor fails to transduce signals. 

4) The tyrosine kinase activity of the receptor is important for 
most of the cellular responses to PDGF, including mitogenesis. 
However, tyrosine kinase activity is not required for ligand-induced 
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receptor downregulation. Substrates of tyrosine kinase that are 
important for DNA synthesis have not been identified. In particular, 
the link between the tyrosine kinase and the increased expression of 
PDGF-regulated genes has not been identified. 

5 )  The kinase insert domain is important for the specific mito- 
genic action of PDGF. Experiments with a kinase insert deletion 
mutant have shown that PI turnover, pH change, and increase in 
cellular calcium are not sufficient to mediate the mitogenic action of 
PDGF. The kinase insert domain may play a role in determining the 
substrate specificity of the receptor tyrosine kinase and may repre- 
sent a structural excursion from the kinase domain. 

6) When the PDGF receptor binds its ligand, the receptor 
physically associates with a phosphatidylinositol kinase that may be 
involved in the production of novel inositol phosphate second 
messengers. 

Despite recent progress, signal transduction by receptors for 
hormones, growth factors, and neurotransmitters is still poorly 
understood. These are especially challenging conceptual questions 
to be answered about the receptors that have single membrane- 
spanning segments. Future studies on the PDGF receptor and 
related molecules should provide a more complete picture of the 
structural changes and intermolecular associations that occur when a 
ligand binds to its receptor. 
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