
RESEARCH ARTICLE activity; this growth factor is different 
from PDGF because the apparent molec- 
ular weight in sodium dodecyl sulfate 
(SDS) gels after immunoprecipitation is 
20,000. The product of the v-sis gene, 
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The platelet-derived growth factor 
(PDGF) is the major mitogenic protein in 
serum for cells of mesenchymal origin 
(1-5). It is also a potent chemoattractant 
agent for human neutrophils and mono- 
cytes (6), for fibroblasts, and for smooth 
muscle cells (7-9). Although its role in 
normal physiological states is not estab- 
lished, PDGF is well suited to mediate 
inflammatory and repair processes at 

acids with virtual identity to the predict- 
ed amino acid sequence of p28'" (18), the 
transforming protein of the simian sarco- 
ma virus (SSV). During preparation of 
our manuscript ( I n ,  an amino-terminal 
sequence analysis of PDGF was de- 
scribed (19); subsequently, the near 
identity of the predicted amino acid se- 
quence of p28""nd that of PDGF was 
also reported (17, 20). 

Abstract. The near identity of the partial amino acid sequence of human platelet- 
derived growth factor (PDGF) and that predicted for p28"s, the putative transform- 
ing protein of the simian sarcoma virus ( S S V ) ,  suggests expression of a growth 
factor activity may be central for transformation by S S V .  It is now reported that 
SSV-transformed cells but not control cells contain a growth factor activity that is 
identical to  PDGF in immunoassay, in mitogenic dose response, and in specijic 
mitogenic activity. The protein immunoprecipitated by antiserum to human PDGF 
has an apparent molecular weight of 20,000, identical to that of p20"', the putative 
intracellular degradation product of p28"" The results support the concept that 
expression of a PDGF-like molecule, which appears to be the product of the viral-sis 
gene, is responsible for the abnormal regulation of growth is SSV-transformed cells. 

sites of blood vessel injury and may play 
an important role in the genesis of ath- 
erosclerosis in humans (5) . 

PDGF has been difficult to  character- 
ize. Initial purifications of the factor re- 
sulted in very small quantities of protein 
(10, l l ) ,  but more recently it has been 
purified in quantities sufficient to estab- 
lish its purity and chemical composition 
(12-16). PDGF has been separated into 
two equally active mitogenic proteins of 
31,000 (PDGF I) and 28,000 (PDGF 11) 
daltons that have essentially identical 
amino acid compositions but different 
carbohydrate compositions (12, 14). 
PDGF I and I1 are highly basic [PI, 10.2 
(12, 14)l; when PDGF is reduced, biolog- 
ically inactive peptides ranging from 
3,500 to 17,500 daltons are observed (12- 
17). 

Cells transformed by retroviruses and 
cells stimulated by growth factors have 
been observed to have strikingly similar 
properties; these properties differ from 
those of nontransformed, nonstimulated 
control cells (21-28). The homology be- 
tween the reported partial amino acid 
sequence of PDGF and that predicted for 
p28'lS and the phenotypic similarities of 
growth factor-stimulated cells and trans- 
formed cells suggests an important role 
for growth factor proteins in virally 
transformed cells and in cells trans- 
formed by other agents. 

We now demonstrate that SSV-trans- 
formed cells but not control cells contain 
a growth factor that is identical to PDGF 
in immunoassay, in mitogenic dose re- 
sponse curve, and in specific mitogenic 

p28"', is processed intracellularly to a 
molecule of 20,000 daltons, p20"s (29). 
Our results provide direct evidence for 
expression of a PDGF-like molecule in 
SSV-transformed cells that is the same 
size as  the v-sis expression product. It 
seems reasonable to consider that they 
may be identical. 

Cells transformed by SSV contain a 
potent PDGF-like growth promoting ac- 
tivity. Evidence that SSV-transformed 
cells contained a growth promoting ac- 
tivity was obtained when lysates were 
tested for mitogenic activity and found to 
stimulate [3H]thymidine incorporation 
into DNA in previously quiescent Swiss 
mouse 3T3 cells (Fig. 1). The increase in 
[3H]thymidine incorporation was linear 
with amount of cell lysate added; the 
dose response of [3H]thymidine incorpo- 
ration in this assay system was essential- 
ly identical to that observed with purified 
PDGF but differered substantially from 
that of epidermal growth factor (EGF) 
and other growth factors (30). Cell ly- 
sates from control, non-SSV-trans- 
formed NIH 3T3 cells did not stimulate 
[3~] thymidine  incorporation above lev- 
els observed without added cell lysate. 
Similar growth factor activity was found 
in lysates of SSV-transformed NRK cells 
(data not shown) 

The growth promoting activities of 
SSV-transformed cell lysates and PDGF 
are antigenically similar. The striking 
homology between the partial amino acid 
sequence of PDGF and that predicted for 
p28SiS, the putative transforming protein 
of SSV, suggested strongly that the 
growth factor activity in SSV-trans- 
formed cells is attributable to  p28"'. An- 
tiserum to PDGF was therefore tested as 
an inhibitor of the growth factor activity 
in SSV-transformed cell lysates. When 
added to Swiss mouse 3T3 cell cultures 
exposed to SSV-transformed cell lysates, 
antiserum to PDGF blocked the stimula- 
tion of [3~] thymidine  incorporation by 
44 percent (Table 1 ) .  If the cell lysates 
were treated with antiserum to PDGF 
and adsorbed with protein A before the 
mitogenic assay, their growth stirnulat- 
ing activity was completely removed. 

The finding that antiserum to PDGF 
blocked the growth promoting activity of 
lysates from SSV-transformed cells led 
us to  test further antigenic similarities of 
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the two activities. We compared the dis- 
placement of '251-labeled PDGF by in- 
crements of two different cell lysates 
from SSV-transformed cells with dis- 
placement by purified PDGF (Fig. 2). 
The displacement of '25~-labeled PDGF 
by proportionate increases in two differ- 
ent preparations of SSV-transformed cell 
lysates and with purified PDGF was 
identical, indicating a high degree of anti- 
genic relatedness between the two pro- 
teins. 

The specijic mitogenic activity of the 
g r o ~ ~ t h  promoting factor in SSV-trans- 
formed cell lysates is the same as puri- 
fied PDGF. Radioimmunoassay and mi- 
togenic activity ([3H]thymidine incorpo- 
ration) were measured in SSV-trans- 
formed cell lysates and in lysates from 
nontransformed NIH 3T3 cells (Table 2). 
Immur~oreactive PDGF could not be de- 
tected in control 3T3 cell lysates (Table 
2). PDGF immunoreactive protein in 
SSV-transformed cell lysates was 5.7 ng 
per milligram of cell protein; the radioac- 
tivity from [3H]thymidine incorporated 
into the DNA of 3T3 cells was 0.4 X lo5 
disintegrations per minute per milligram 
of cell lysate protein. The specific mito- 
genic activity in SSV-transformed cell 
lysates was thus 7 x lo5 units per milli- 
gram--almost identical to  the specific 
mitogenic activity (6.0 x lo5 Ulmg) ob- 
served with purified PDGF (14). 

Immunoprecipitation of SSV-trans- 
formed cell lysates. Immunoprecipitates 
of lysates from SSV-transformed cells 
were prepared with specific antiserum to 
PDGF and with control nonimmune se- 
rum after the cells were labeled with 
[35S]methionine (Fig. 3). Autoradio- 
grams of SDS gels revealed a labeled 
20,000-dalton protein in immunopre- 
cipitates prepared with the antiserum t o  
PDGF but not in immunoprecipitates 
from cell lysates treated with the control 
serum. The 20,000-dalton protein is iden- 
tical in molecular weight to  the carboxyl- 
terminal 20,000-dalton fragment that re- 
sults from the intracellular processing of 
p28SiS (29). 

Discussion. The striking homology be- 
tween a region of the observed amino 
acid sequence of PDGF and that predict- 
ed for p28"s, the putative transforming 
protein of SSV (17, 20), suggests that the 
expression of PDGF or  of a PDGF-like 
growth factor in SSV-transformed cells 
may mediate the unregulated growth that 
is characteristic of transformed cells. We 
have identified such growth factor activi- 
ty in SSV-transformed cells but not in 
nontransformed cells. The properties of 
this growth factor activity are essentially 
the sarne as those of PDGF, a s  indicated 
by the blocking of SSV-transformed 
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Table 1. Effect of antiserum to PDGF on the rnitogenic activity of lysates of SSV-transformed 
NIH 3T3 cells after fractionation with Sulfadex gels. Cell lysates (0.5 ml) of SSV-transformed 
NIH 3T3 cells were mixed with 100 mg (wet weight) of Sulfadex G-50 (14) overnight. The gels 
were then washed with 1 ml of phosphate-buffered saline three times. PDGF-like activity was 
eluted with 0.5 ml of 10 mM phosphate buffer containing 1M NaCl (Sulfadex-retained fraction). 
Ten microliters of the Sulfadex-retained fraction was tested for mitogenic activity. More than 85 
percent of the mitogenic activity in the cell lysates was recovered in the Sulfadex-retained 
fraction. The antiserum to human PDGF was purified by DEAE-blue Sepharose column 
chromatography (32). No endogenous growth factor activity could be detected in this purified 
antiserum. 

Fig. 1. Stimulation of [methyl-3H]thymidine 
incorporation into DNA of Swiss mouse 3T3 
fibroblasts by lysates of SSV-transformed 
NIH 3T3 cells. The assays were performed as 
described (30). Purified PDGF I1 (12, 14) was 
used as standard. SSV-transformed NIH 3T3 
cells (courtesy of S. A. Aaronson) or control 
NIH 3T3 cells were harvested (1500 cm2), 
sonicated in 1 ml of phosphate-buffered sa- 
line, and centrifuged at 15,000g. The superna- 
tants (cell lysates) were immediately frozen at 
-20°C. Control NIH 3T3 cell lysates con- 
tained essentially no mitogenic activity. 
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Fig. 2. Radioimmunoassay of SSV- 
transformed NIH 3T3 cell lysates 
with antiserum to human PDGF. 
Immunoassays were carried out as 
previously described (32). Up to 40 
p1 of cell lysate (sample 1 or sample 
2) did not influence the immunore- 

- activity of the exogenous PDGF 
standard (0.2 ng). The protein con- 

Standard PDGF centrations of cell lysates were 4 
- 0 SSV-Infected mg to 10 mg/ml. 

[Methyl-'HI Ac- 
thymidine tivity 

incorporation 
(dpmiwell) (%I 

Sulfadex-retained fraction 22,588 100 
Sulfadex-retained fraction plus antiserum to human PDGF (5 ~ 1 )  12,706 56 

Table 2. Antigenic and mitogenic activity of cell lysates from SSV-transformed cells and control 
NIH 3T3 cells. The antigenic activity was measured by radioimmunoassay as described (32). 
The mitogenic activity was measured by [methyl-'Hlthymidine incorporation into trichloroace- 
tic acid precipitable substances as described (30). 

Cell lysates 

Antigenic Mitogenic Specific 
activity (A) activity (M) mitogenic 

(ngimg (dpmimg 
activity 

prote~n) protein) (MIA) 
(UImgl* 

PDGF 6 X la5 
NIH-3T3 < 0.3 0 i  
SSV-transformed NIH 3T3 5.7 0.4 x lo5$ 7 x 10' 

*One unit of PDGF activity is that activity with a net incorporation of 10,000 dprn in excess of the control 
culture. *No PDGF-like mitogenic activity was found. $The rnitogenic activity of SSV-transformed 
NIH 3T3 cell lysates has been corrected from the assays in the presence of exogenous PDGF standard 
(correction factor is 3). 
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