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Four principal cell types involved in the pathophysio-
logic responses of the vessel wall -endothelial cells,
smooth muscle cells, platelets, and monocyte/
macrophages -secrete platelet-derived growth fac-
tor-like (PDGF-like) mitogenic activities. Extensive
structural data on these activities exist only for the mi-
togen produced by platelets, which is a 30-kd dimeric
protein composed ofstructurally related A and B poly-
peptide chains encoded by different genes. It was pre-
viously demonstrated that normal cultured endothelial
cells transcribe mRNA encoding the B chain ofPDGF
from the c-sis gene. Here several new structural features
ofthe mitogen produced by cultured vascular endothe-
lial cells are shown. Hybridization analysis of RNA
from normal cultured human umbilical vein endothe-
lial (HUVE) cells revealed that they contain three
PDGF A chain transcript species. These RNA species
comigrated with and appeared to have the same rela-

THE ENDOTHELIAL LINING of blood vessels is
uniquely positioned to interact with components of
the blood as well as with the underlying smooth mus-
cle cells of the vascular media. In this location prod-
ucts produced by vascular endothelial cells (ECs) may
play an important role in pathophysiologic processes
such as inflammation, wound healing, thrombosis,
and atherosclerosis. 1-3 ECs in culture produce a plate-
let-derived growth factor-like (PDGF-like) mitogenic
activity that stimulates growth of fibroblasts and
smooth muscle cells and competes with PDGF for cell
surface receptor binding,4 but its structural relation-
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tive abundance as the three RNA species previously
identified in RNA from two human tumor cell lines. A
chain transcripts were not identified in RNA from a
strain of bovine aortic endothelial cells or in human
dermal fibroblasts. The A chain transcripts in HUVE
had the same relative abundance as the B chain tran-
scripts. Immunoprecipitation ofmetabolically labeled
endothelial conditioned medium with anti-PDGF an-
tiserum revealed a 31-kd species which was split by
reduction and alkylation into two species of 16.5 and 17
kd. Thus, endothelial cells secrete a dimeric mitogen
antigenically related to PDGF, with a structure identi-
cal to previously isolated PDGF A-chain homodimer.
These findings are consistent with the possibility that
secretion ofPDGF by human endothelial cells may be
regulated independently ofB-chain expression. (Am J
Pathol 1987, 127:7-12)

ship to PDGF is unknown. It has previously been
demonstrated that cultured ECs transcribe mRNA
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species that hybridize with probes for the c-sis homol-
ogous B chain of PDGF.5'6 Additionally, direct se-
quence analysis of a cloned cDNA from human EC
cDNA libraries has confirmed that the c-sis homolo-
gous transcript made by ECs encodes PDGFB chain.5
Recently a cDNA sequence for the A chain ofPDGF
was obtained from a human glioma cell line cDNA
library.7 We have utilized the cloned A-chain cDNA
from the glioma cell line as a probe to demonstrate
that cultured ECs transcribe mRNA species encoding
the A chain ofPDGF as well. Additionally, immuno-
precipitations were performed to characterize the se-

creted mitogen. The metabolically labeled growth
factor from cultured human umbilical vein endothe-
lial conditioned medium, defined by anti-PDGF an-

tisera, consisted of a 31 -kd species that under reduc-
ing conditions was resolved into two species of 16.5
and 17 kd.

Materials and Methods

Cell Culture

Human endothelial cells (HUVEs) were harvested
from two to six umbilical cord veins and established
in primary culture as previously described.8 Cultures
were serially passaged under the conditions ofMaciag
et al.9 as modified by Thornton et al.10 Medium 199
and antibiotics were from M.A. Bioproducts (Walk-
ersville, Md); tissue culture plastic dishes were from
Corning (Corning, NY), and fetal calfserum was from
GIBCO (Grand Island, NY). Endothelial cell growth
supplement (ECGS) was a gift from Dr. Thomas Ma-
ciag (Revlon Biotechnology Research Center, Rock-
ville, Md), and porcine heparin was purchased from
Sigma Chemical Company (St. Louis, Mo).
The SV-40 transformed endothelial cell line (SV-

HEC, line F) was maintained as previously de-
scribed.1' Bovine aortic endothelial cells (BAECs)
were cultured from calf thoracic aorta as previously
described,8 and RNA from a single strain (111-BAEC)
was isolated at Passage 17. A human dermal fibroblast
(HDF) strain" was a gift of Dr. James Rheinwald
(Dana Farber Cancer Institute, Boston, Mass).
Human osteosarcoma (HOS) cells were obtained
from the American Type Tissue Culture Collection,
Rockville, Maryland.

RNA Analysis

Total cytoplasmic RNA or poly(A+) RNA was

prepared from confluent cultures ofcells as described
elsewhere.'3"14 The RNAs were denatured with for-
maldehyde, electrophoresed in a 1% agarose gel, blot-

ted onto nitrocellulose, and probed with 32P-labeled
purified restriction fragments containing either
PDGF A chain cDNA7 or PDGF B chain (c-sis)
cDNA,5 with the use of standard techniques as de-
scribed elsewhere. '4 The filters were washed to 0.5 X
SSC at 65 C and exposed to x-ray film for 3 days.

Immunoprecipitation

HUVEs reaching confluence in 150-cm flasks were
labeled for 5 hours with 0.5 mCi 35S-cysteine (1200
Ci/mmol) in 5 ml cysteine-free F-10 medium and
chased for 1.5 hours with 5 ml Eagle's minimal essen-
tial medium (MEM) per flask. The pulse and chase
medium were pooled and made 0.5% phenylmethyl-
sulfonyl floride, 2.5% aprotinin, and 0.02% Triton
X-100. The conditioned medium was incubated with
50 ul of normal rabbit serum overnight at +4 C. One
hundred microliters of packed protein A Sepharose
(Pharmacia) beads were added and the incubation
prolonged for 2 hours. The beads were pelleted by
centrifugation for 10 minutes at 2000 rpm, and 50 ,ul
ofPDGF-antiserum was added to the supernatant for
an overnight incubation at +4 C. Protein A -
Sepharose beads were added and incubated for 2
hours prior to being washed four times with 0.5 M
NaCl, 10 mM Tris buffer, pH 7.4, 1% Triton X-100,
0.1% sodium dodecyl sulfate (SDS), 2 mg/ml bovine
serum albumin (BSA), and one time with 10mM Tris
buffer, pH 7.4. The beads were eluted with 100,1 of
3.6% SDS, 80 mM Tris buffer, pH 8.8, 0.01% bromo-
phenol blue, and heated at 95 C for 3 minutes. The
supernatants were divided into two equal portions,
one ofwhich was reduced by incubation with 10 mM
dithiothreitol for 3 minutes at 95 C and alkylated with
50 mM iodoacetamide, and analyzed by SDS polyac-
rylamide gel electrophoresis (SDS-PAGE) with 13-
18% gradient gels.

Results
A purified 1.3 kb restriction fragment containing

the cloned PDGFA chain coding region and portions
of the 5' and 3' untranslated regions was used as a
probe for Northern blot analysis; three transcript spe-
cies were detected in cytoplasmic RNA of cultured
HUVEs and an SV-40 transformed human EC line
(Figure 1 A). The probe did not identify A-chain tran-
scripts in cytoplasmic RNA from a strain of bovine
aortic ECs or from human dermal fibroblasts. Failure
to detect A-chain expression in bovine ECs with a
human probe may reflect extensive polymorphic dif-
ferences between species, loss ofthe locus entirely, or
diminished expression of the gene by this strain of
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Figure 1-Expression of PDGF
transcripts by cultured vascular
cells. A-Expression of PDGF A-
chain transcripts. The molecular
sizes of 3P-3' end-labeled Hind 111-
digested phage DNA, processed in
parallel with the RNA samples, are
indicated on the left. B-
Expression of PDGF B chain (c-sis)
transcripts.
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bovine ECs during passage in culture. The three EC
A-chain transcripts found in human ECs comigrated
with and appeared to be in about the same relative
abundance as the three species found in osteosarcoma
cell lines HOS and U- 1810 (Beltsholtz et al, unpub-
lished data); the transcripts were about 2.8, 2.2, and
1.4 kb in molecular weight. Densitometric analysis of
the Northern blots indicates that the ratios of the
transcript species in both the transformed osteosar-
coma cell lines and the normal cultured HUVEs are
similar, with the intermediate (2.2 kb) species being
about twice as prevalent as either the large (2.8 kb) or
small (1.4 kb) species. The exact extent of homology
between the transcripts produced by the normal ECs
and those found in the transformed osteosarcoma cell
lines must be determined by direct sequence analysis
of the cDNAs corresponding to these transcripts. In
contrast to the results with the A-chain probe, a B-
chain (c-sis) probe identified a 3.5 kb transcript from
replicate blots in all three EC types but not in human
dermal fibroblasts (Figure 1 B). The size ofthe B-chain
transcript is consistent with that predicted from B-
chain genomic sequence analysis'5 and by direct se-

quencing of overlapping endothelial B-chain cDNA
clones.5 In HUVEs the A-chain and B-chain tran-
scripts appeared to have about the same relative
abundance.
To characterize the EC-derived mitogen, HUVEs

were metabolically labeled, and rabbit anti-human
PDGF antiserum was used for immunoprecipitation.
A 31 -kd protein was specifically precipitated from the

culture medium and analyzed by SDS-PAGE (Figure
2, asterisk). Upon reduction and alkylation, the 31 -kd
band was replaced by two closely migrating 16.5 and
17-kd species (Figure 2, arrowheads). The apparent
conversion ofthe EC-derived protein upon reduction
and alkylation suggests that, like PDGF, it has a dimer
structure.

Discussion

The PDGF-like activities synthesized by human
tumor cells have been specifically precipitated by the
same anti-PDGF antiserum used in this study, per-
mitting structural comparisons. Some human tumor
cell lines (eg, U-2 OS [osteosarcoma], U-4 SS [syn-
ovial sarcoma], B-5GT [giant cell sarcoma], U-343
MGaC12 [glioma], RD [rhabdomyosarcoma],7 and
WM 266-4 [melanoma]'6) secrete PDGF-like mito-
gens of 31 -kd, which are split by reduction into 17-
and 16.5-kd components identical to those observed
with ECs. This pattern ofprecipitation is distinct from
that observed with PDGF from human platelets
(where a 1 7-kd and multiple smaller species are ob-
served upon reduction),'7-2' and with the B-chain ho-
modimer isolated from cells acutely transformed by
simian sarcoma virus (where p28sis undergoes dimer
formation and proteolytic modification yielding a
24-kd cell associated form22'23). The PDGF-like
growth factor produced by U-2 OS has been shown to
be an A-chain homodimer.24 In addition, several of
the tumor cell lines secreting the 31 -kd growth factor
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Figure2-Immunoprecipitation of metabolically labeled PDGF-like activities
produced by human umbilical vein endothelial cells.
Lanes a-c are precipitations of HUVE-conditioned medium; a is labeling

controls; b is precipitations with rabbit serum; c is immunoprecipitation with
PDGF antiserum. The samples reduced and alkylated are indicated by a "+"
at the bottom of the gel.

(RD, B5GT, SKLMS, and WM 266-4) express only
the A-chain mRNA.7"16 It is therefore possible that the
EC-derived growth factor is an A-chain homodimer,
in spite ofexpression ofB-chain mRNA,5'6 a situation
analogous to that prevailing in U-2 OS.7'24

If the endothelial mitogen is an A-chain homo-
dimer, several alternatives exist to explain why the EC
mitogen behaves as a doublet after reduction. First,
because the A chain possesses one possible site for
N-linked glycosylation,7 this apparent molecular
weight difference might reflect differences in glycosy-
lation. Second, these species may represent alterna-
tive proteolytic processing. Third, the doublet may

reflect differences in the primary translation product
arising from alternatively spliced A-chain transcripts;
the presence ofmultiple transcripts in endothelial-cell

RNA from an apparently single copy gene7 suggests
that the EC transcripts are, in fact, differentially
spliced. Interestingly, Sejersen et al.25 recently dem-
onstrated that rat smooth and skeletal muscle cells
express only the smaller two A-chain transcripts.
Thus, tissue and/or species-specific processing of A-
chain transcripts apparently occurs. It is conceivable
that various human vascular cells also exhibit tissue-
specific splicing ofA chain and that these events may
have important functional consequences. Evidence
for species-specific splicing of the PDGF B chain has
previously been suggested.26
The suggestion that HUVEs secrete A-chain ho-

modimer raises the interesting possibility that there
may be functional differences among the PDGF-like
growth factors produced by the cells within the vascu-
lar wall in both normal and pathologic settings. In
addition to endothelial cells, platelets,'7-20 macro-
phages,27'28 and smooth muscle cells29'30 produce
PDGF species that stimulate the proliferation,"2'31
migration,32 and contraction33 of vascular smooth
muscle cells. PDGF purified from normal human
platelets contains approximately equal quantities of
PDGF A and B chains, which suggests the possibility
of heterodimers'7-21; the subunit composition of the
smooth muscle-derived mitogen and that of the acti-
vated macrophage-derived growth factor are not
known. Although both A- and B-chain homodimers
are biologically active, the affinities ofthese mitogens
for PDGF receptors may differ from each other and
from a heterodimer. The differences in chain compo-
sition between these mitogens may also be important
in intracellular processing events, targeting of the
protein, or stability of the mitogen within the vessel
wall.

Endothelial cell gene expression may be modulated
by nondenuding injury or by activation.1'2'34 For ex-
ample, levels ofPDGF B-chain transcripts in cultured
human ECs have been shown to undergo dynamic
changes in an in vitro model of vascular morphogen-
esis.35 The genes for PDGF A and B chains have been
localized to different chromosomes (7 and 22, respec-
tively7'36), and preliminary data suggest that A- and
B-chain expression can be regulated indeperdently.7
Furthermore, evidence has been presented that the
product of the v-sis gene (a B-chain homodimer) re-
mains associated with, or rapidly associates with the
cell membrane.37'38 If PDGF B chains are constitu-
tively translated by the endothelial cell, they may not
be properly dimerized, processed, or secreted; alterna-
tively, B-chain homodimers or A- and B-chains he-
terodimers may be formed and secreted by the endo-
thelial cell but remain associated with the cell surface,
or rapidly degraded.
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Two additional implications can be drawn from
our data: First, EC biosynthesis ofthe PDGF-like mi-
togen may be independent of B-chain expression.
This limits the validity of measuring B-chain tran-
script levels as a means of quantifying endothelial
growth factor production. And second, in various
pathophysiologic settings,3940 activated or dysfunc-
tional ECs may independently alter the quantity of
A-chain and B-chain biosynthesis. This could result
in more efficient PDGF secretion or even alter the
biologic spectrum of PDGF activity. In conclusion,
synthesis and secretion of PDGF-like molecules by
ECs may be far more complex than previously
thought, and further analysis with A- and B-chain -
specific reagents will be necessary to elucidate the role
of these mitogens in vessel wall pathophysiology.

References
1. Ross R, Raines EW, Bowen-Pope DF: The biology of

platelet-derived growth factor. Cell 1986, 46:155 - 169
2. Ross R: The pathogenesis ofatherosclerosis: an update.
N Engl J Med 1986, 314:488 - 500

3. Gimbrone MA Jr (ed): Vascular Endothelium in He-
mostasis and Thrombosis. Edinburgh, Churchill Li-
vingstone, 1986

4. DiCorleto PE, Bowen-Pope DF: Cultured endothelial
cells produce a platelet-derived growth factor-like pro-
tein. Proc Natl Acad Sci 1983, 80:1919- 1923

5. Collins T, Ginsburg D, Boss JM, Orkin SH, Pober JS:
Cultured human endothelial cells express platelet-de-
rived growth factor B chain: cDNA cloning and struc-
tural analysis. Nature 1985, 316:748-750

6. Barrett TB, Gajdusek CM, Schwartz SM, McDougall
JK, Benditt EP: Expression of the sis gene by endothe-
lial cells in culture and in vivo. Proc Natl Acad Sci 1985,
81:6772-6774

7. Betsholtz C, Johnsson A, Heldin C-H, Westermark B,
Lind P, Urdea MS, Eddy R, Shows TB, Philpott K,
Mellor AL, Knott TJ, Scott J: cDNA sequence and
chromosomal localization of human platelet-derived
growth factor A-chain and its expression in tumor cell
lines. Nature 1986, 320:695-699

8. Gimbrone MA Jr: Culture of vascular endothelium,
Progress in Hemostasis and Thrombosis. Vol 3. Edited
by TH Spaet. New York, Grune & Stratton, 1976, pp
I -28

9. Maciag T, Hoover GA, Stemerman MB, Weinstein R:
Serial propagation ofhuman endothelial cells in vitro. J
Cell Biol 1981, 91:420-426

10. Thornton SC, Mueller SN, Levine EM: Human endo-
thelial cells: Use of heparin in cloning and long-term
serial cultivation. Science 1983, 222:623-625

11. Gimbrone MA Jr, Fareed GC: Transformation of cul-
tured human vascular endothelial cells by SV40 DNA.
Cell 1976, 9:685-695

12. Didinsky JB, Rheinwald JG: Failure ofhydrocortisone
or growth factors to influence the senescence of fibro-
blasts in 4 new culture system for assessing replicate life
span. J Cell Physiol 1981, 109:171-179

13. Collins T, Korman AJ, Wake CT, BossJM, Kappes DJ,
Fiers W, Ault KA, Gimbrone, MA Jr, Strominger JL,
Pober JS: Immune interferon activates multiple class II
major histocompatibility complex genes and the asso-
ciated invariant chain gene in human endothelial cells

and dermal fibroblasts. Proc Natl Acad Sci 1984,
81:4917-4921

14. Maniatis T, Fritsch EF, Sambrook J: Molecular Clon-
ing: A Laboratory Manual. Cold Spring Harbor, New
York, Cold Spring Harbor Laboratory, 1982

15. Rao CD, Igarashi H, Chiu IM, Robbins KC, Aaronson
SA: Structure and sequence of the human c-sis/plate-
let-derived growth factor 2 (sis/PDGF2) transcriptional
unit. Proc Natl Acad Sci 1986, 83:2392-2396

16. Westermark B, Johnsson A, Paulsson Y, Betsholtz C,
Heldin C-H, Herlyn M, Rodeck U, Koprowski H:
Human melanoma cell lines ofprimary and metastatic
origin express the genes encoding the constituent
chains ofPDGF and produce a PDGF-like growth fac-
tor. Proc Natl Acad Sci 1986, 83:7197-7200

17. Heldin C-H, Westermark B, Wasteson A: Platelet-de-
rived growth factor: isolation by a large scale procedure
and analysis of subunit composition. Biochem J 1981
193:907-913

18. Johnsson A, Heldin C-H, Westermark B, Wasteson A:
Platelet-derived growth factor: Identification of con-
stituent polypeptide chains. Biochem Biophys Res
Commun 1982, 104:66 - 74

19. Deuel TF, Huang JS, Proffitt RT, Baenziger JU, Chang
D, Kennedy BB: Human platelet-derived growth fac-
tor-purification and resolution into two active protein
fractions. J Biol Chem 1981, 256:8896-8899

20. Antoniades HN: Human platelet-derived growth factor
(PDGF): Purification of PDGF-I and PDGF-II and
separation of their reduced subunits. Proc Natl Acad
Sci 1981, 78:7314-7317

21. Raines, EW, Ross R: Platelet-derived growth factor: I.
High yield purification and evidence for multiple
forms. J Biol Chem 1982, 257:5154-5160

22. Robbins KC, Antoniades HN, Devare SG, Hunkapiller
MW, Aaronson SA: Structural and immunological
similarities between simian sarcoma virus gene prod-
uct(s) and human platelet-derived growth factor. Na-
ture 1983, 305:605-608

23. Johnsson A, Betsholtz C, von der Helm K, Heldin C-H,
Westermark B: Platelet-derived growth factor agonist
activity of a secreted form of the v-sis oncogene prod-
uct. Proc Natl Acad Sci 1985, 82:1721- 1725

24. Heldin C-H, Johnsson A, Wennergren S, Wemstedt C,
Betsholtz C, Westermark B: A human osteosarcoma
line secretes a growth factor structurally related to a
homodimer of PDGF A-chains. Nature 1986,
319:511-514

25. Sejersen T, Betsholtz C, Sjolund M, Heldin C-H, Wes-
termark B, Thyberg J: Rat skeletal myoblasts and arte-
rial smooth muscle cells express the gene for the A
chain but not the B chain (c-sis) of platelet-derived
growth factor (PDGF) and produce a PDGF-like pro-
tein. Proc Natl Acad Sci 1986, 83:6844-6848

26. Josephs SF, Raner L, Clarke MF, Westin EH, Reitz
MS, Wong-Staal F: Transforming potential of human
c-sis nucleotide sequences encoding platelet-derived
growth factor. Science 1984, 225:636-639

27. Martinet Y, Bitterman PB, Mornex J-F, Grotendorst
GR, Martin GR, Crystal RG: Activated human mono-
cytes express the c-sis proto-oncogene and release a me-
diator showing PDGF-like activity. Nature 1986,
319:158- 160

28. Shimokado K, Raines EW, Madtes DK, Barrett TB,
Benditt EP, Ross R: A significant part of macrophage-
derived growth factor consists of at least two forms of
PDGF. Cell 1985, 43:277 - 286

29. Seifert RA, Schwartz SM, Bowen-Pope DF: Develop-
mentally regulated production of platelet-derived
growth factor-like molecules. Nature 1984, 311:669 -
671

30. Nilsson J, Sjolund M, Palmberg L, Thyberg J, Heldin



12 COLLINS ET AL AJP * January 1987

C-H: Arterial smooth muscle cells in primary culture
produce a platelet-derived growth factor-like protein.
Proc Natl Acad Sci 1985, 82:4418 -4422

31. Westermark B, Heldin C-H, Ek B, Johnsson A, Mell-
strom K, Nister M, Wasteson A: Biochemistry and bi-
ology of platelet-derived growth factor, Growth and
Maturation Factors. Edited by G Guroff. New York,
John Wiley and Sons, 1983, pp 73- 115

32. Grotendorst GR, Chang T, Seppa HEJ, Kleinman HK,
Martin GR: Platelet-derived growth factor is a che-
moattractant for vascular smooth muscle cells. J Cell
Physiol 1982, 113:261-266

33. Berk BC, Alexander RW, Brock TA, Gimbrone MA Jr,
Webb RC: Vasoconstriction: A new activity for plate-
let-derived growth factor. Science 1986, 232:87 -90

34. Gimbrone MA Jr: Endothelial dysfunction and the
pathogenesis of atherosclerosis, Proceedings of the 7th
International Symposium on Atherosclerosis, Mel-
bourne, Australia, October 6- 10, 1985. Edited by NH
Fidge, PJ Nestel. Amsterdam, Excerpta Medica 1986,
pp 367 - 369

35. Jaye M, McConathy E, Drohan W, Tong B, Deuel T,

Maciag T: Modulation ofthe sis gene transcript during
endothelial cell differentiation in vitro. Science 1985,
228:882-885

36. Swan DC, McBride OW, Robbins KC, Keithley DA,
Reddy EP, Aaronson SA: Chromosomal mapping of
the simian sarcoma virus onc gene analogue in human
cells. Proc Natl Acad Sci 1982, 79:4691-6495

37. Robbins KC, Leal F, Pierce JH, Aaronson SA: The
v-sis/PDGF-2 transforming gene product localizes to
cell membranes but is not a secretory protein. EMBO J
1985, 4:1783- 1792

38. Johnsson A, Betsholtz C, Heldin C-H, Westermark B:
Antibodies against platelet-derived growth factor in-
hibit acute transformation by simian sarcoma virus.
Nature 1985, 317:438-440

39. Daniel TO, Gibbs VC, Milfay DF, Garovoy MR, Wil-
liams LT: Thrombin stimulates c-sis gene expression in
microvascular endothelial cells. J Biol Chem 1986,
261:9579-9582

40. Gajdusek C, Carbon S, Ross R, Nawroth P, Stern D:
Activation of coagulation releases endothelial cell mi-
togens. J Cell Biol 1986, 103:419-428


