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Abstract

Human malignant epithelial cell lines were analyzed for ex-
pression of platelet-derived growth factor (PDGF) genes. Of
the 12 cell lines tested, 9, derived from breast, lung, gastric,
and ovarian carcinomas, were found to express both PDGF-1
and PDGF-2 genes. The levels of both PDGF-1 and PDGF-2
transcripts were superinduced when these cells were treated
with cycloheximide, an inhibitor of protein synthesis. These
cells also released an activity that in studies with BALB-c/3T3
cells, inhibited binding of "SI-labeled PDGF and stimulated
incorporation of [Hlthymidine. This stimulating activity was
inhibited after reduction of the conditioned media by mercap-
toethanol or after preincubation with antibodies to PDGF.
Moreover, this activity was not affected by heat treatment.
Immunoprecipitation studies revealed that breast, lung, and
gastric carcinoma cells produced PDGF-like proteins that mi-
grated as 30- and 32-kD species under nonreducing conditions
and as 15- and 16-kD species under reducing conditions. In
contrast, malignant cells of ovarian origin produced 14-16-kD
PDGF-like proteins that were unchanged in mobility after re-
duction. As PDGF receptors were not detected on these malig-
nant epithelial cells, the production of PDGF-like proteins
may affect other cells in the microenvironment by paracrine
mechanisms and may contribute to excessive cell proliferation,
inflammatory reactions, and connective tissue remodeling seen
in certain carcinomas.

Introduction

Platelet-derived growth factor (PDGF),' a potent mitogen for
cells of mesenchymal origin, is released from human blood
platelets upon their degranulation (for review, see references 1
and 2). It consists of two polypeptide chains, PDGF-l (or
PDGF-A) and PDGF-2 (or PDGF-B), linked by disulfide
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bonds and encoded by two different genes located on chromo-
somes 7 and 22, respectively (3-5). The PDGF-l and PDGF-2
genes code for precursor polypeptides whose predicted amino
acid sequences have an overall 40% homology, while there is a
56% homology between the two mature PDGF chains (5). The
PDGF-2 chain is very similar structurally, antigenically, and
functionally to the p28tm transforming protein of the simian
sarcoma virus (6). Whereas human PDGF is believed to be a
heterodimer (7, 8), the PDGF-like protein produced by the
human osteosarcoma U20S cell line is a homodimer of
PDGF-I chains (9). The 30-32-kD authentic PDGF protein
has mitogenic and chemotactic activity (1, 2), is a potent vaso-
constrictor (10), and stimulates synthesis of both matrix com-
ponents (11) and enzymes that degrade this matrix (12, 13).

PDGF-like proteins have been detected in endothelial cells
(14, 15), vascular smooth muscle cells (16), and cytotropho-
blasts (17). However, human plasma contains undetectable
levels of PDGF. The ability of target cells to be activated by
PDGF thus depends on local secretion and thereby on the
anatomical location of cells producing PDGF. PDGF-like
proteins also have been detected in several human malignant
cell lines of mesenchymal origin (18-20) that also possess
PDGF receptors (19). This finding has raised the possibility
that autocrine stimulation ofthese cells could contribute to the
transformed state and the development of automitogenic cell
populations (19).

In this communication, we report that PDGF-1 and
PDGF-2 mRNAs are expressed in human malignant epithelial
cells of breast, ovary, lung, and gastric origin. Malignant
breast, lung, and gastric cells produce 30-32-kD PDGF-like
proteins that are similar in molecular weight to authentic
PDGF and PDGF-like proteins detected in transformed
human cell lines of mesenchymal origin. In contrast, malig-
nant cells of ovarian origin produce 14-16-kD PDGF-like
proteins that are similar in molecular weight to those detected
in activated human macrophages. Furthermore, we demon-
strate that the PDGF-like species secreted by malignant epithe-
lial cells are biologically active.

As PDGF receptors were undetectable in malignant epithe-
lial cells, these results suggest that PDGF-like proteins pro-
duced by these cells act through a paracrine mechanism. This
mechanism may represent a way whereby malignant epithelial
cells interact with and modulate their microenvironment.

Methods

Cells. The human epithelial cell lines used in this study included:
four ovarian carcinoma cell lines (ARM, DUN, MAC, and SAM);
three breast carcinoma cell lines (MCF-7, BT-20, and ZR75-1); two

Platelet-derived Growth Factor Synthesis in Human Carcinoma Cells 1157

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/88/10/1157/08 $2.00
Volume 82, October 1988, 1157-1164



breast

0

cM

I

._

C
C0

0)2

' --
I I o-

i

'U-

-I

-

- Oacx
l-- l

0 Ox
I-I-

<: <0

PDGF-2
(c-sis)

PDGF- 1 PDGF-2

;.... g...*. ;g_"

PDGF- 1

Figure 1. Expression of PDGF-I and
PDGF-2/c-sis mRNA in human breast,
lung, and gastric carcinoma cells. Total
cellular RNA (20 ,gg) was analyzed for
PDGF-l and PDGF-2 transcripts using
the PDGF-1 and PDGF-2 cDNA
probes. One cell line (KATO III) was
also exposed to 10 ,g/ml CHX for 1 h
before RNA extraction.

lung cancer cell lines (A549 and CALU-1); two colon carcinoma cell
lines (COLO 201 and COLO 205); and one gastric carcinoma cell line
(KATO III). The ovarian cell lines were provided by Dr. R. Knapp,
Brigham and Women's Hospital, Boston, MA (21); all other cell lines
were obtained from the American Type Culture Collection (ATCC,
Rockville, MD).

RNA analysis. Total cellular RNA (20 $sg) prepared from each cell
line was analyzed by the Northern blot method as described (22). DNA
probes included the 2-kb BamlHI fiagment of the human c-sis gene
purified from the pSM I plasmid (23), the 1.3-kb Eco RI insert of the
human PDGF-I chain gene (5), and the pm PDGF rec - Hinc II

plasmid containing a 1. 1-kb Hinc II insert of the mouse PDGF recep-
tor cDNA (24).

PDGF and PDGF antibodies. PDGF was purified from human
platelets and labeled with 25I by the chloramine T method, using
lodobeads (Pierce Chemical Co., Rockford, IL), to a specific activity of
15,000-20,000 cmp/ng as described (25). A rabbit antibody to PDGF
was prepared in our laboratory as described (25). IgG fractions of
rabbit and goat antibody to authentic PDGF were purchased from R&
D Systems, Inc. (Minneapolis, MN) and Collaborative Research, Inc.
(Waltham, MA).

Immunoprecipitation ofPDGF-likeproteins. Media conditioned by
metabolically labeled epithelial cells were analyzed by immunoprecipi-
tation as described (25). Briefly, cells growing as monolayers in T-75
flasks were labeled with 250 1ACi/ml [35S]cysteine (specific activity
> 1,000 Ci/mmol; Amersham Corp., Arlington Heights, IL) in 6 ml of
cysteine-free/serum-free medium for 18-20 h at 370C. Immunopreci-
pitates were analyzed under nonreducing and reducing conditions on
SDS-16% acrylamide slab gels followed by fluorography and exposure
to x-ray films. The specificity ofthe proteins recognized by anti-PDGF
was tested in samples treated with normal serum and/or anti-PDGF in
presence of excess (500 ng) authentic PDGF (competition experi-
ment).

Assay for mitogenic activity. Growth-promoting activity of cell-
conditioned media (CM) was tested as described (25). Briefly, 10 ml of
serum-free media conditioned for 24 h by confluent cultures ofepithe-
lial tumor cells (7 X 106 cells) were collected, clarified of particulate
material by centrifugation, heated at 100C for 10 min, freeze-dried,
resuspended in a small volume of 0.15 M NaCl, and then dialyzed

overnight at 4VC, against 0.15 M NaCl. The final volume of the dia-
lyzed material was adjusted to 2 ml by addition of 0.15 M NaCl.
Aliquots of CM were then tested for their ability to stimulate [3H]-
thymidine incorporation into quiescent BALB-c/3T3 cells.

Assayfor PDGF receptor competing activity. PDGF receptor com-
peting activity in CM was detected and measured by its ability to
competitively inhibit binding of '2"I-PDGF to confluent cultures of
BALB-c/3T3 fibroblasts as described (25). Binding studies with '25I-
PDGF were carried out at 4°C in cold binding medium (Dulbecco's
PBS and 1% HSA) with or without increasing concentrations of unla-
beled PDGF or concentrated CM. The cells were rinsed thoroughly
after a 3-h incubation at 4°C. Cell-bound '25I-PDGF was then ex-
tracted with warm 1% SDS and counted in a gamma scintillation
counter.

A similar procedure was used to estimate the amount of PDGF
receptors on the surface of epithelial cells. Binding studies were carried
out at 4°C for 3 h using '25I-PDGF in the absence or presence of a
25-fold excess of unlabeled PDGF. Cell-associated radioactivity was
measured as-described above. To assay for the presence of occupied
PDGF receptors, the experiments were repeated as described (25) after
the cells were preincubated with the polyanion suramin (1 mM), a drug
known to dissociate PDGF from high-affinity binding sites (26, 27).

Results

Malignant epithelial cells express PDGF-J and sis/PDGF-2
mRNAs. RNA prepared from the 12 malignant epithelial cell
lines was analyzed for the presence of PDGF-1- and PDGF-2-
related transcripts (Figs. 1 and 2). PDGF-l mRNA was de-
tected in each of these cell lines. The sizes of these PDGF-1
transcripts, (2.8, 2.3, and 1.9 kb), were similar to those re-

ported for malignant human cells (5). A 4.2-kb PDGF-2 (c-sis)
transcript was also detected in breast (three ofthree), lung (two
of two), gastric (one of one), and ovarian (three of four) cells,
but not in the two colon carcinoma cell lines. As others have
described in macrophages (28), a minor 2.8-kb PDGF-2
mRNA species was also detected in one ovarian cell line
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Figure 2. Expression ofPDGF- I and PDGF-2/c-sis mRNA in
human ovarian carcinoma cells. Total cellular RNA (20 pg) was ana-
lyzed for PDGF-1 and PDGF-2 transcripts using the PDGF- I and
PDGF-2 cDNA probes. One cell line (MAC) was also exposed to 10
ug/ml CHX for I h before RNA extraction.

(ARM, Fig. 2) and in the MCF-7 breast cells after polyA selec-
tion (data not shown). The levels of both PDGF-1 and
PDGF-2 transcripts increased when gastric or ovarian cells
were treated with cycloheximide (CHX), an inhibitor of pro-
tein synthesis (Figs. 1 and 2); similar results were found when
breast- or lung-derived cells were exposed to CHX (data not
shown). These findings suggested that the synthesis of a labile
protein was responsible for regulating levels of both PDGF-1
and PDGF-2 mRNA.

PDGF-like proteins produced by malignant epithelial cell
lines are structurally different. Metabolic labeling studies were
performed with [35S]cysteine to study the PDGF-like mole-
cules constitutively secreted into the medium by the various
epithelial cell lines. Media conditioned by malignant cells of
breast, lung, and gastric origin contained 30- and 32-kD pro-
teins that were immunoprecipitated by antiserum to PDGF
under nonreducing conditions (Figs. 3 and 4). Under reducing
conditions, the PDGF-like proteins were converted to their

BT-20 ZR75-1 MCF-7 BT-20 Z
a b c a bca b c a b c a

32-3 0r-
30 L

monomeric forms of 15 and 16 kD. Precipitation ofthe 30-32-
and 15-16-kD proteins by anti-PDGF was prevented in the
presence of excess PDGF. Furthermore, these proteins were
not precipitated by normal serum. In contrast, PDGF-like
proteins were undetectable by immunoprecipitation with
anti-PDGF in media conditioned by the colon carcinoma cells
(Fig. 4). Immunoprecipitation of COLO 205 cell lysates also
resulted in undetectable PDGF-like proteins (gels not shown),
thus suggesting that these proteins were not sequestered within
the cells. As previously reported (20, 22), proteins of higher
molecular weight (> 40 kD) were also immunoprecipitated by
the antibody to PDGF and were competed by an excess ofcold
PDGF (Figs. 3 and 4). These proteins were better resolved on
8% acrylamide gels, and their molecular weights were esti-
mated to be 45, 70, 115, and 185 kD under reducing condi-
tions (gels not shown).

In contrast to the findings with breast, lung, and gastric
carcinoma cell lines, a protein of 14 kD was immunopre-
cipitated by anti-PDGF in media conditioned by each of the
four metabolically labeled ovarian carcinoma cell lines (Fig.
5). A 16-kD PDGF-like protein was also detected in the con-
ditioned medium from two (ARM and SAM) of the ovarian
cell lines (Fig. 5). Immunoprecipitation of the 14-16-kD pro-
teins was competitively inhibited by an excess of PDGF. The
mobility of these proteins did not change on SDS gels after
reduction (results not shown).

PDGF-like molecules secreted by epithelial cells are biolog-
ically active. Media conditioned by various carcinoma cell
lines were assayed for their ability to stimulate the uptake of
[3H]thymidine by cultured 3T3 fibroblasts. As listed in Table I,
detectable amounts of mitogenic activity were found in all 10
of the tested CM. Heat treatment (1000C for 10 min) of the
CM did not affect mitogenic activity, whereas this activity
decreased after reduction ofCM with mercaptoethanol or after
preincubation of the CM with 100 ng/ml anti-PDGF IgG
(Table I). Altogether, these results suggested that a significant
proportion of the mitogenic activity detected in the CM of
these carcinoma cells was related to the presence ofPDGF-like
proteins.

PDGF receptor competing activity. CM derived from five
epithelial cell lines (one lung, one gastric, one breast, and two
ovarian lines) were analyzed for their ability to compete for
'25I-PDGF binding to the PDGF receptor on 3T3 fibroblasts.
As shown in Fig. 6, all CM from the tested lines inhibited

!R75-1 MCF-7
b c a b c
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Figure 3. Immunoprecipitation of
PDGF-like proteins from media of

- 6 6 human malignant breast epithelial
665 cells. Media prepared from meta-
~45 bolically labeled cells (BT-20,

_ 3 0 ZR75-1, and MCF-7), was immu-
noprecipitated with anti-PDGF.

- 20o The immunoprecipitates were ana-
lyzed by SDS-PAGE under unre-
duced or reduced conditions. Im-

-1 6 munoprecipitation was carried out
1 5 with normal serum (lane A), anti-

serum to PDGF (lane B), and anti-
serum to PDGF in presence of ex-
cess PDGF (competition experi-
ment) (lane C).
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Figure 4. Immunoprecipitation of PDGF-like proteins from media ofhuman malignant epithelial cells of colon, lung, and gastric origin. Media
from metabolically labeled cells of colon (COLO-201 and COLO-205), lung (A-549 and CALU-I), and gastric (KATO III) origin were analyzed
as described in the legend to Fig. 3. Lanes A, B, and C are as described in Fig. 3.

binding of '25I-PDGF to fibroblasts in a dose-dependent man-
ner. On the basis of radiocompetition studies using purified
PDGF, we estimate the concentration ofPDGF in the uncon-
centrated CM of these malignant epithelial cells to be 1-6 ng

PDGF/ml.
Epithelial cells do not display PDGF receptors. Specific

'25I-PDGF binding to malignant epithelial cell lines was com-
pared with the binding detected in 3T3 fibroblasts. When in-
cubated with 1 ng/ml I25I-PDGF, 11% ofthe radioactivity was
found to bind to 3T3 cells (Table II). In contrast, only
1.1-1.9% of the labeled PDGF bound to six of the malignant
epithelial cells. This low level of binding was considered non-

specific since it did not decrease after incubation of these cells
with an excess of cold PDGF and was comparable to the
amount ofbinding obtained after incubation of 3T3 cells with
an excess of cold PDGF (50 ng/ml). Similar low levels of l25I-
PDGF binding were obtained when three cell lines (BT-20,
A549, and KATO III) were pretreated with suramin. This drug
dissociates PDGF bound to cell membranes and thus unmasks
PDGF receptors (26, 27). The absence ofa significant increase
in '251-PDGF binding after suramin treatment provided fur-
ther evidence that these malignant epithelial cells lack detect-
able PDGF receptors. Finally, we were unable to detect
mRNA for the PDGF receptor gene in 10 epithelial cell lines,
whereas these transcripts were present in 2 different clones ofa
mouse fibroblast cell line (Fig. 7).

Discussion

The present results demonstrate that PDGF-I and sis/PDGF-
2 mRNAs are expressed in human malignant cells derived

from breast, ovarian, lung, and gastric epithelium. A previous
study demonstrated the presence of both transcripts in human
sarcoma cell lines (5), whereas subsequent work detected only
PDGF-l mRNA in three human melanoma cell lines (29).
The detection of PDGF-2 transcripts in malignant epithelial
cells, however, is in contrast to the findings ofa previous study
(30). Although the basis for this discrepancy is unclear, our

results clearly demonstrate that expression of both the
PDGF-I and PDGF-2 genes is widespread among human car-

cinoma cell lines. Our findings also suggest that the expression
of both genes is regulated by protein(s) with a short half-life.
Similar results were obtained in human macrophages exposed
to CHX (29a) suggesting that both genes were under similar
control(s) in cells of mesenchymal or epithelial origin.

We also demonstrate that human malignant epithelial cells
of diverse tissue origin produce biologically active PDGF-like
proteins. These proteins were characterized as being PDGF-
like on the basis of antigenic similarities with authentic PDGF
and on their ability to compete with '251I-PDGF in a dose-de-
pendent manner for high-affinity binding receptors. The esti-
mated concentration of PDGF-like material in the condi-
tioned media of these epithelial cells ranges from 1 to 6 ng/ml.

The secreted PDGF-like species differ in molecular weight
according to tissue origin of the epithelial tumor cells. PDGF-
like proteins from malignant cells of breast, lung, and gastric
origin were detectable as 30- and 32-kD species under nonre-

ducing conditions and as subunits of 15- and 16-kD under
reducing conditions. The PDGF-like proteins from malignant
epithelial cells are similar to the PDGF-like proteins produced
by several other human malignant cell lines of mesenchymal
origin (18-20) and human T lymphocytes infected with the
human T cell lymphotropic viruses, HTLV-I and 11 (31). Also,

1160 Sariban, Sitaras, Antoniades, Kufe, and Pantazis

9-
:!D-

93 _

66

45_

3w'

20

1..8

470

93_

66_

45

30

20

-185
4 15

470

445.o45

'4

30,,

LUNG



SAM
I 1

a b c
DUN

FI

a b c
ARM
I

b c
MAC
Fc

b c

93-

66-

45-

30-

20-

16"

1 4-

unreduced

OVARY
Figure 5. Immunoprecipitation of PDGF-like proteins from media of
human malignant epithelial ovarian cells. Media prepared from met-
abolically labeled malignant ovarian cells, were immunoprecipitated
with anti-PDGF, and the immunoprecipitates were analyzed under
nonreducing conditions. Immunoprecipitation was carried out with
normal serum (lanes A), antiserum to PDGF (lanes B), and anti-
serum to PDGF in presence of excess PDGF (lanes C).

100 Figure 6. Competition of
90 a 1251-PDGF binding to

BALB-c/3T3 fibroblasts by
cm it : CM from human epithelial
Z 70 \ 2 cell lines. Increasing

so60 ~ \ ° amounts of fivefold con-
a 50 centratedCM (25, 50, andCL 40 100 Ml) from five different

30 cell lines were studied by
20 the PDGF receptor compe-
of- ,25tition assay. 3T3 cells in

3 6 12.5 25 the absence ofCM bound 3
PCGF (ng/ml) X 103 cpm/1.5 X 105 cells

0 25 50 100 after incubation with
CONDITIONED MEDIA (pl) 20,000 cpm '25I-PDGF (0%

displacement). Specific
binding was calculated by subtracting nonspecific binding (< 10%).
Each point represents the mean of triplicate samples of two experi-
ments (SD < 5%, n = 6). By extrapolation to the standard curve the
estimated amount of PDGF-like material in unconcentrated CM was
estimated to be 1-6 ng/ml. *, standard curve (competing activity of
unlabeled PDGF); A, DUN (ovary); a, KATO III (gastric); o, A549
(lung); A, ARM (ovary); o, ZR75-1 (breast).

a 3 1-kD PDGF-like protein with mitogenic activity has been
detected in two human breast carcinoma cell lines (32-34). In
contrast, the major PDGF-like species detectable in tumor
cells of ovarian origin had molecular masses of 14-16 kD.
Furthermore, biologically active PDGF-like proteins secreted
by macrophages have molecular masses of 12-13.5 kD, which
are unchanged after reduction (35). Although the low-molecu-
lar weight PDGF-like species detected in ovarian cells and in
macrophages share similar characteristics, whether they are in
fact identical proteins remains unclear. Further, high-molecu-
lar weight PDGF-related proteins of 45-185 kD were also de-
tected on reducing gels. Similar proteins have been observed in
human glioblastoma, fibrosarcoma, and HTLV-infected T cell
lines (20, 31). However, these proteins are not mitogenic for
fibroblasts. We have recently demonstrated that complexes of
PDGF and the complement component 3 (C3) are coprecipi-
tated during the immunoprecipitation reaction (Pantazis, P.,

Table I. Mitogenic Activity ofMedia Conditioned by Human Malignant Epithelial Cells

Ovary Breast Lung Gastric

SAM ARM DUN MAC BT-20 MCF-7 ZR75-1 A459 CALU-I KATO-II

Volume added
5 1 0 0 0 0 85 12 20 0 10 0

2S l 48 64 32 25 230 39 100 22 118 52
50,ul 66 129 50 89 330 73 116 165 334 143
50 1l(reduced) 0 64 0 32 45 0 0 9 1 26
50,ul + anti-PDGFIgG NT 39 NT NT 28 NT 33 NT NT 19

Serum-free CM were harvested from various cell lines and concentrated 10-fold and increasing volumes of concentrated CM (5, 25, and 50o 1)
were analyzed for growth-promoting activity in cultures of 3T3 fibroblasts. Results are expressed as the ratio of [13H]thymidine incorporation in
3T3 cells treated with each CM to incorporation by untreated cells. Parallel cultures were incubated with either 50 Wd reduced CM or 50 IAI
unreduced CM to which anti-PDGF IgG had been added at a final concentration of 100 ng/ml. Background (0%) mitogenic activity was deter-
mined by [3HIthymidine incorporation in untreated 3T3 cultures and was 37,000 cpm/10( cells. Exposure to 1 and 5% FCS resulted in 200 and
400% increases in mitogenic activity, respectively. Results represent the mean values from triplicates of at least three experiments from each cell
line (SD . 10%). NT, not tested.
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Table II. Binding of '25I-PDGF to Human
Malignant Epithelial Cells

Percent Percent '5I-PDGF bound
125I PDGF in presence of excess

Cell line and origin bound cold PDGF

BALB-c/3T3(fibroblast) 11.0 1.8
ARM (ovary) 1.2 1.2
DUN (ovary) 1.3 1.2
BT-20 (breast) 1.6 (1.0) 1.5 (1.2)
A549 (lung) 1.9 (1.3) 1.8 (1.1)
CALU-I (lung) 1.2 1.1
KATO III (gastric) 1.2 (0.9) 1.1 (0.6)

Results are expressed as the percent of total added '2'I-PDGF (2 ng;
40,000 cpm) that bound to the cells. In parallel cultures, unlabeled
PDGF was added in excess (competition experiment) to a final con-
centration of 100 ng/ml. Values in parentheses indicate the percent
of '251I-PDGF bound after pretreatment of cells with suramin. Values
are calculated from the mean of triplicate determinations using cul-
tures from two independent experiments (SD . 10%).

et al., unpublished results). Whereas further studies have dem-
onstrated that the 45- to 185-kD species represent precursor,
mature, and processed C3, these results are beyond the scope
of this work.

Differences in molecular weight of PDGF-like proteins
produced by various cell types may be secondary to differences
in gene utilization, RNA transcription, or protein processing.
The presence ofmore than one sis-related gene seems unlikely,
since they would have been detected during chromosomal
gene localization or during genomic cloning of the c-sis gene.
Furthermore, no gross rearrangement of the PDGF- I and
PDGF-2 genes were detected when DNA from MCF-7 cells
was compared by Southern analysis with DNA from DUN,
MAC, and SAM ovarian cells (data not shown). The use of a
cryptic promoter, early polyadenylation signals, or alternative
splicing are various mechanisms that can generate protein di-
versity from a single gene. Similar 4.2-kb c-sis transcripts were
detected in these human epithelial tumor cells, irrespective of
the size of the secreted PDGF-like protein. However, small

+ 00

.J -j Cm aco

differences in mRNA transcripts, such as the loss of 100-200
bp, the size of any of the seven coding exons of the c-sis gene
(36), would not have been detected by Northern analysis. Fur-
ther studies, including SI nuclease mapping, should provide
information about the existence of possible mechanisms like
alternative splicing that could generate diverse PDGF protein
species with specific functions in malignant cells of different
tissue origin.

Evidence that the PDGF-like proteins secreted by the carci-
noma cells are biologically active was provided by the demon-
stration that media conditioned by these cells stimulate DNA
synthesis ofquiescent fibroblasts. Additional evidence that this
mitogenic activity is related to PDGF was provided by demon-
strating heat stability, sensitivity to reducing agents, and neu-
tralization by specific antiserum to PDGF. Since these experi-
ments were performed with conditioned media, our evidence
that the 14-16-kD PDGF-like proteins secreted by the ovarian
cells are responsible for the biological effects is indirect. These
effects thus could be mediated by the 30-32-kD PDGF-like
proteins, although this possibility seems unlikely since these
proteins are undetectable in the immunoprecipitates. A recent
study has revealed that interchain disulfide bonds are not es-
sential for p28"5, the product of the simian sarcoma virus
transforming gene, to act as a functional ligand for PDGF
receptor (37). This finding suggests that either the monomer
exhibits a conformation required for receptor interaction or
that the molecule can form a biologically active noncovalently
linked dimer structure. In this regard, the monomeric 12-kD
PDGF-like protein secreted by macrophages competes with
'25I-PDGF for binding to the PDGF receptor and displays mi-
togenic activity (35). In view of these results, the 14-16-kD
monomeric PDGF-like proteins secreted by the ovarian cells
are probably responsible for PDGF-like biologic activities and
competition with authentic PDGF for receptor binding.

In our study, malignant cells of breast, lung, gastric, and
ovarian origin had undetectable levels of PDGF receptors.
Since these cells also express PDGF-related proteins, the
PDGF-receptors may have been down-regulated by the endog-
enously produced PDGF. Suramin, which dissociates PDGF
from its receptor, has been used successfully to unmask PDGF
receptors (26, 27) PDGF producer. Use of this drug in our
study failed to reveal the presence of occupied PDGF recep-

-4
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0
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Figure 7. Expression ofPDGF
receptor in mouse fibroblasts
and in human epithelial cell
lines. Total cellular RNA (20 Mg)
was analyzed for the presence of
PDGF receptor mRNA using a
PDGF receptor cDNA probe in
2 different clones of the mouse
fibroblast L cell line (L+, L-)
and in 10 different human epi-
thelial cell lines.
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tors. The lack ofPDGF receptors in epithelial cells was consis-
tent with the absence ofPDGF receptor mRNA in these cells.
This finding is in agreement with the lack of mitogenic re-
sponse of carcinoma cells to PDGF (38). None of the six
human malignant epithelial cell lines derived from lung, thy-
roid, epidermis, and neuroblastoma studied previously had
PDGF receptors (39). The presence of high-affinity cell surface
receptors for PDGF thus seems to be limited to mesenchyme-
derived cells. Further, it has been recently reported that there is
more than one PDGF receptor phenotype (40). The three dif-
ferent PDGF protein isoforms thus should be tested in binding
studies to definitively evaluate the presence ofPDGF receptors
on these cells.

PDGF may stimulate growth by an autocrine mechanism
in mesenchyme-derived cells (19). In contrast, PDGF appar-
ently acts in a paracrine fashion in epithelial cells. PDGF is a
mitogenic factor for fibroblasts and smooth muscle cells, and is
a potent chemotactic factor for neutrophils (41), monocytes
(42), and smooth muscle cells and fibroblasts (1, 2). The fi-
brosis and inflammatory reactions seen in tumors of epithelial
origin thus may be mediated by PDGF-like molecules secreted
by the malignant epithelial cells. Alternatively, many of the
biological effects ofPDGF-like proteins secreted by the epithe-
lial cells may be mediated through the activation of fibroblasts.
In this regard, PDGF has been shown to induce fibroblasts to
secrete growth factors such as somatomedin C, a potent fibro-
blast growth factor (43). Additionally, the fibroblast is a source
of the colony-stimulating factor, CSF-1 (44), which is essential
for the growth and differentiation of monocytic cells. The fi-
brosis, neovascularization, and inflammation seen in epithelial
tumors thus may be either related to the direct effect ofPDGF
on specific target cells or secondary to the release of diverse
growth factors by the PDGF activated fibroblasts. Since our
study was performed on cultured cells derived from tumors
and not on primary tissues, further studies are needed to de-
termine: (a) if PDGF production by malignant epithelial cells
occurs in vivo, (b) ifPDGF secretion is a physiological event in
normal epithelial cells, and (c) if PDGF production can be
regulated in these cells by specific ligand-receptor interactions.
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