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ABSTRACT Recognition that the sis gene codes for a pro-
tein homologous with at least one of the two chains of platelet-
derived growth factor has made it possible to directly assess
transcriptional expression of platelet-derived growth factor
both in cultured cells and in tissue obtained in vivo. We have
found that a 3.7-kilobase RNA homologous to the sis gene is
expressed at moderate levels in cultured human and bovine
endothelial cells, at low levels in in vivo endothelium from hu-
man umbilical vein, and at very low levels in bovine aortic
endothelium in vivo. This RNA migrates at the same rate as the
previously reported sis band in the HUT 102 human T-cell
lymphoma line. This band is not found in RNA extracted from
freshly obtained bovine aortic media or from human foreskin
fibroblasts or cultured fetal human aortic smooth muscle cells.
Our in vitro results suggest that the sis gene is responsible for
at least part of the platelet-derived growth factor-like mitogen-
ic activity secreted by cultured endothelial cells and indicate
that the sis gene is readily activated in endothelial cells during
the transition from in vivo conditions to in vitro growth as a
monolayer on plastic. Expression of the sis gene by endotheli-
um in vivo raises the possibility that platelet-derived growth
factor has a role in the development of the vascular system in
the young animal and in the maintenance of the normal vascu-

lar system in the adult.

Although the production of peptide growth factors by tissues
in vivo has long been suspected to be of biological impor-
tance (1), the in vivo detection of growth factor production
has been limited by the sensitivity of available assay sys-
tems. Most known growth factors may be present in
amounts too low to be directly detected in vivo by current
techniques. Cultured endothelial cells secrete a significant
amount of mitogenic activity as assayed on fibroblasts and
smooth muscle cells (SMC) (2). Most of this mitogenic activ-
ity has been attributed to a growth factor or factors unique
and specific to endothelial cells, which is biochemically dis-
tinct from platelet-derived growth factor (PDGF) and several
other characterized growth factors (3). Approximately 25%
of the mitogenic activity in endothelial cell conditioned me-
dia, though, has been specifically attributed to a PDGF-like
protein (4, 5), as determined by !*I-labeled PDGF radio-
receptor competition assay and by inhibition of the competi-
tor activity by antiserum against human PDGF.

The discovery that the peptide sequence of the simian sar-
coma virus transforming protein (p28°°) predicted from the
nucleotide sequence of the simian sarcoma virus has consid-
erable homology to the known sequence for at least one of
the two chains of PDGF (6, 7) and more recent data that the
coding sequence of the human c-sis gene predicts a peptide
highly homologous to this same chain of PDGF (8) make it
likely that the sis gene codes for at least one of the two
chains of PDGF derived from human platelets. Whether the
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sis gene encodes the second chain of platelet PDGF remains
to be determined. This identification of PDGF at both the
protein and genomic level now makes possible studies of
mechanisms of control for one of the endothelial cell-derived
mitogens. We have done hybridizations to RNA transferred
from agarose to nitrocellulose, using a cloned genomic probe
to detect whether the sis gene is transcribed by endothelial
cells either in culture or in vivo, and we have found a single
RNA species to be present under both conditions.

MATERIALS AND METHODS

Cells. Human umbilical vein endothelial (HUVE) cells for
growth in culture were obtained from fresh intact umbilical
cords. The umbilical vein was filled with approximately 10
ml of collagenase at 1 mg/ml (20), incubated at 37°C for 15~
20 minutes, and massaged, and the resultant freely suspend-
ed cells were plated and grown for 1 week in 10% human
serum without passage (9). Bovine aortic endothelial (BAE)
cells for growth in culture were removed from adult bovine
aortas by scraping lightly with a scalpel, immediately plated,
and grown in 10% adult bovine whole blood serum (10). Cul-
tures were held at confluency for 7 days prior to extracting
RNA. Fetal human aortic SMC were obtained by explant
and grown in 20% fetal calf serum (11). The HUT 102 T-cell
lymphoma line was grown as described (21). Human foreskin
fibroblasts were grown in 10% fetal calf serum. HUVE cells
to be used in RNA assays immediately after their removal
from fresh tissue (which we will call in vivo HUVE cells)
were obtained by two techniques. Fresh umbilical cords held
at 4°C in normal saline were processed within 20-30 min af-
ter delivery. Cells were removed either by enzymatic diges-
tion, as described above, but using trypsin at 0.5 mg/ml with
EDTA (GIBCO) at 0.2 mg/ml instead of collagenase, or by
light scraping with a scalpel, and RNA was extracted imme-
diately. BAE cells to be used in RNA assays immediately
after their removal from fresh tissue (which we will call in
vivo BAE cells) were obtained from fresh adult aortas within
15-20 min of death by scraping with a scalpel, as described
above for cultured cells, only with greater pressure to ensure
high yields, and RNA was extracted immediately. These
preparations do include some from the aortic intima and in-
ner aortic media as determined by the morphology of the
cultured cells. Adult bovine aortic media was prepared from
freshly obtained aorta by thoroughly scraping the endotheli-
um, then dissecting away the adventitia. Representative ar-
eas of a vessel scraped for in vivo endothelial RNA were
fixed with Formalin and embedded in paraffin for prepara-
tion of hematoxylin/eosin-stained sections.

RNA Extraction, Gels, and Transfer to Nitrocellulose. RNA
was extracted by the method of Chirgwin et al. (12), includ-
ing pelleting through cesium chloride. Poly(A)* RNA was
selected by passage over oligo(dT)-cellulose (Collaborative

Abbreviations: PDGF, platelet-derived growth factor; SMC, smooth
muscle cell(s); BAE, bovine aortic endothelial; HUVE, human um-
bilical vein endothelial; kb, kilobase(s).
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Research) per the supplier’s instructions. RNA was electro-
phoresed in formaldehyde gels (13), transferred to nitrocellu-
lose, and hybridized in 50% (vol/vol) formamide/0.75 M
NaCl/0.075 M sodium citrate, pH 7.0/25 mM NaPQO,/1x
Denhardt’s solution/250 ug of salmon sperm DNA per
ml/10% dextran sulfate at 42°C with 3?P-labeled nick-trans-
lated DNA probes (14). The c-sis probe used was a 1.6-kilo-
base (kb) BamHI genomic fragment (generously provided by
R. Gallo) which includes coding sequences presently de-
scribed as the fifth and sixth exons of the human c-sis gene
(8). Blots were washed at 68°C in 0.045 M NaCl/0.0045 M
sodium citrate, pH 7.0/0.1% sodium dodecy! sulfate. Size
markers of HindIII-digested A phage DNA were denatured
and electrophoresed identically to RNA samples.

Relative Intensity of Hybridization Signals. The relative in-
tensity of the major sis hybridization band per microgram of
total cytoplasmic RNA was estimated for each sample. For
this purpose a single RNA preparation from cultured BAE
cells was used as a common internal standard in all hybrid-
izations. Each blot was then exposed for multiple lengths of
time ranging from 1 day to 3 weeks. For each sample run on
a single blot, an exposure giving a signal of moderate intensi-
ty was paired with a BAE sis signal of approximately equal
intensity. The relative intensities of these approximately
equal paired signals were estimated as the inverse of the ra-
tio of their respective exposure times. Corrections were ap-
plied for (i) the decay half-life of 3P and (/i) the amount of
RNA loaded per track. An additional correction factor was
used for RNA samples selected on an oligo(dT)-cellulose
column. Since in our hands selection of message once on an
oligo(dT)-cellulose column enhances the strength of the sig-
nal obtained by hybridization with an actin cDNA probe ap-
proximately 8-fold (data not shown), this correction factor
was applied where appropriate. In the instance of HUT 102
cells, RNA was selected twice over an oligo(dT)-cellulose
column and a correction factor of 25 was used, based on the
assumption that at most 4% of total cellular RNA is poly(A)*

RNA.
RESULTS

Expression of the sis gene was detected in both types of en-
dothelial cells studied, although at greatly varying concen-
trations (see Fig. 1). HUVE cells showed a single strong
band at 3.7 kb which was about 10 times more intense (per
pg of RNA) in cultured cells than it was in in vivo umbilical
vein endothelium obtained by trypsinization (see Table 1).
The same relative signal intensity was observed irrespective
of whether the endothelium was removed by scraping or by
trypsinization. Cultured BAE cells gave a single strong high
molecular weight band, which appeared to be approximately
100 base pairs smaller (i.e., 3.6 kb) than the corresponding
band (3.7 kb) in HUVE cells. The first RNA preparation of
bovine endothelium scraped from four fresh aortas was neg-
ative; a second preparation, obtained from eight aortas,
showed a weak band after long exposure, migrating at the
same molecular weight as the prominent band in cultured
BAE cells. HUT 102 cells showed a major band migrating
with the single HUVE cell sis band at 3.7 kb. Westin et al.
(15) gave an estimate of 4.2 kb for the HUT 102 sis RNA; this
apparent discrepancy in size is likely due to differences in
method, including reference markers and gel systems used
[for example, we used formaldehyde denaturing agarose
gels, whereas Westin et al. (15) used methylmercury dena-
turing gels]. The HUT 102 cells also showed two distinct
lower molecular weight bands, at approximately 2.6 kb and
1.3 kb. Low molecular weight forms have been previously
described in RNA from tumor cells (16). Although we did not
observe secondary bands in any of the endothelial cell RNA
preparations, cultured fetal human aortic SMC did show a
1.3-kb band similar to HUT 102 cells. In addition, a diffuse
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FiG. 1. Expression of the sis gene. RNA samples were electro-
phoresed in agarose, transferred to nitrocellulose, and hybridized
with a c-sis probe. Lanes: a, 14 ug of in vitro HUVE cell total RNA,
exposed for 2 days; b, 14 ug of in vivo HUVE cell total RNA, ex-
posed for 2 days; ¢, 8 ug of in vitro BAE cell total RNA, exposed for
2 days; d, 5 ug of in vivo bovine aortic endothelium poly(A)** RNA,
exposed for 25 days; e, 10 ug of HUT 102 poly(A)** RNA, exposed
for 2 days; f, 20 ug of in vitro fetal human aortic SMC poly(A)**
RNA exposed for 25 days; g, 5 ug of human foreskin fibroblast poly-
(A)** RNA, exposed for 21 days; h, 5 ug of poly(A)** RNA, ex-
tracted from freshly obtained bovine aortic media, exposed for 21
days; i, c-sis plasmid reconstruction. On the left are positions of size

markers, given in kb.
* Poly(A)* RNA selected once over oligo(dT)-cellulose.
* Poly(A)* RNA selected twice over oligo(dT)-cellulose.

area of hybridization was generally seen between 2.0 and 2.3
kb both in specimens showing a strong 3.7-kb band and in
those showing none. We have tentatively interpreted this to
be due to weak hybridization with rRNA bands. No 3.7-kb
band could be detected in poly(A)* RNA preparations from
cultured human foreskin fibroblasts, cultured fetal human
aortic SMC, or freshly obtained adult bovine aortic media.
Cells obtained by limited enzymatic digestion of fresh um-
bilical vein have been shown to contain only rare SMC as
judged by the morphology of resultant cultures (9). Since we
have only rarely seen cells with the appearance of SMC in
our cultures, we believe that the human umbilical vein cells
expressing the sis gene are indeed endothelial cells. On the
other hand, to get maximum yields when scraping bovine
aorta for in vivo RNA assay (not for in vitro assay), we
scraped firmly enough to remove not just endothelial cells
but also immediately underlying SMC. As shown in Fig. 2,

Table 1. Relative intensities of sis signals

Relative signal

RNA source intensity
HUVE cells cultured 100
HUVE cells in vivo 10
BAE cells cultured 25
BAE cells in vivo* 0.3
HUT 102* 2
Human aortic SMC* NSD
Human foreskin fibroblasts* NSD
Bovine aortic media* NSD

Intensities of the major 3.6- to 3.7-kb band were visually deter-
mined and standardized per microgram of total cellular RNA. When
poly(A)* RNA was used, the indicated additional corrections were
made (as described in Materials and Methods). NSD, no signal de-
tected.

*Poly(A)* RNA selected once over oligo(dT)-cellulose; correction
factor = 8.
tPoly(A)* RNA selected twice over oligo(dT)-cellulose; correction

factor = 25.
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F1G. 2. Cross-section of a bovine aorta, showing the junction
between normal endothelium and area removed by scraping (hori-
zontal arrow). Oblique arrows indicate SMC that probably would

have been removed by scraping.

endothelium together with some underlying SMC extending
down to the first major band of elastic lamina was removed.
Examination of multiple histologic sections of the scraped
vessel indicates that the SMC contamination of these endo-
thelial cell preparations may be between 35% and 50% of the
total cell number (data not shown). However, it seems un-
likely that the sis RNA could be produced by these SMC
immediately underlying the endothelium, since we have not
been able to detect a sis message in freshly removed adult
bovine aortic media (see Fig. 1, lane f, and Table 1). Because
our in vivo BAE cell sample may have been diluted by a
significant proportion of SMC, our estimate for in vivo bo-
vine endothelial sis signal intensity given in Table 1 could be
lower than the true signal intensity per microgram of endo-
thelial cell RNA.

DISCUSSION

Our results indicate that both human and bovine large vessel
endothelial cells can express the c-sis gene at readily detect-
able levels and produce a single, approximately 3.7-kb, RNA
band. This differs from the T-cell lymphoma line HUT 102
and mesenchymal tumor cell lines (16), in which additional
lower molecular weight RNA species are also produced.
These two endothelial cell types have been shown to secrete
significant amounts of a PDGF-like protein in vitro (4, 5).
Our results indicate that at least some of this PDGF-like mi-
togenic activity is coded for by the sis gene and consists of
PDGF-I (7). Until the gene coding for PDGF-II is identified
and the potentially different types of PDGF secreted by en-
dothelial cells are determined, it will not be clear whether the
sis gene is responsible for all or only part of the endothelial
cell PDGF activity. Our data are strongly suggestive that en-
dothelial cells in vivo also express the sis gene unless gene
activation occurs during the time of collection or, in the case
of human umbilical vein cells, during labor and delivery.
The possible biological role of a PDGF-like protein secret-
ed from endothelial cells remains speculative. Our data show
that in large vessel endothelial cells the sis gene is activated
in response to cell culture conditions. Detection of moderate
levels of sis expression in human umbilical vein endothelium
in vivo raises the possibility that the sis gene product could
have a role in the normal growth and development of vessel
wall. Persistent low level expression in vivo by bovine aortic
endothelium suggests the sis gene could have a continuing
role in maintenance of adult vessel wall as well. Since cul-
tured large vessel endothelial cells lack PDGF receptors,
while cultured aortic SMC and fibroblasts express receptors
(17), a likely target for the sis gene product in vivo is SMC
and, under certain circumstances, possibly fibroblasts. As-
suming the sis RNA is both translated and secreted, an obvi-
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ously important point will be the direction of secretion,
whether luminal or through the basement membrane. Lumi-
nal secretion raises the possibility of interaction with plate-
lets, other blood components, or even a systemic effect,
whereas secretion through the basement membrane suggests
adirect effect on SMC. If small vessel and capillary endothe-
lial cells are likewise able to synthesize the sis gene product,
this suggests that PDGF could have a role in the recruitment
and organization of SMC and fibroblasts during the neovas-
cular response, since PDGF is both chemotactic (18, 19) and
mitogenic. Finally, production of the sis gene product under
specific circumstances could be important in the pathobiolo-
gy of the vessel wall, such as during the SMC migration and
proliferation of atherosclerosis. '

We are grateful to Drs. Flossie Wong-Staal and Robert Gallo for
providing the c-sis plasmid and to Dr. John Harlan and Ms. Penny
Thompson for providing cultured HUVE cells and technical advice.
We thank Virginia Wejak for help in preparation of this manuscript.
This work was supported by National Institutes of Health Grant
HL-03174 and by Postdoctoral Fellowship GM-07187 to T.B.B.

1. Cohen, S. (1979) Annu. Rev. Biochem. 48, 193-216.

2. Gajdusek, C., DiCorleto, P., Ross, R. & Schwartz, S. M.
(1980) J. Cell Biol. 85, 467-472.

3. DiCorleto, P. E., Gajdusek, C. M., Schwartz, S. M. & Ross,
R. (1983) J. Cell. Physiol. 114, 339-345. )

4. DiCorleto, P. E. & Bowen-Pope, D. F. (1983) Proc. Natl.
Acad. Sci. USA 80, 1919-1923. v

5. Bowen-Pope, D. F., Vogel, A. & Ross, R. (1984) Proc. Natl.
Acad. Sci. USA 81, 2396-2400.

6. Doolittle, R. F., Hunkapiller, M. W., Hood, L. E., Devare,
S. G., Robbins, K. C., Aaronson, S. A. & Antoniades, H. N.
(1983) Science 221, 275-277.

7. Waterfield, M. D., Scrace, G. T., Whittle, N., Stroobant, P.,
Johnsson, A., Wasteson, A., Westermark, B., Heldin, C.-H.,
Huang, J. S. & Deuel, T. F. (1983) Nature (London) 304, 35—
39.

8. Josephs, S. F., Guo, C., Ratner, L. & Wong-Staal, F. (1984)
Science 223, 487-491.

9. Gimbrone, M. A., Jr., Cotran, R. S. & Folkman, J. (1974) J.
Cell Biol. 60, 673-684.

10. Gajdusek, C. M. & Schwartz, S. M. (1983) In Vitro 19, 394-
402.

11. Kocan, R. M., Moss, N. S. & Benditt, E. P. (1980) Methods
Cell Biol. 21A, 153-166.

12. Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. & Rutter,
W. J. (1979) Biochemistry 18, 5294-5299.

13. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Labora-
tory, Cold Spring Harbor, NY), p. 202.

14. Rigby, P. W. J., Dieckmann, M., Rhodes, C. & Berg, P. (1977)
J. Mol. Biol. 113, 237-251.

15. Westin, E. H., Wong-Staal, F., Gelmann, E. P., Dalla-Favera,
R., Papas, T. S., Lautenberger, J. A., Eva, A., Reddy, E. P.,
Tronick, S. R., Aaronson, S. A. & Gallo, R. C. (1982) Proc.
Natl. Acad. Sci. USA 79, 2490-2494.

16. Eva, A., Robbins, K. C., Andersen, P. R., Srinivasan, A.,
Tronick, S. R., Reddy, E. P., Ellmore, N. W., Galen, A. T.,
Lautenberger, J. A., Papas, T. S., Westin, E. H., Wong-Staal,
F., Gallo, R. C. & Aaronson, S. A. (1982) Nature (London)
295, 116-119.

17. Heldin, C.-H., Westermark, B. & Wasteson, A. (1981) Proc.
Natl. Acad. Sci. USA 78, 3664-3668.

18. Grotendorst, G. R., Chang, T., Seppa, H. E. J., Kleinman,
H. K. & Martin, G. R. (1982) J. Cell. Physiol. 113, 261-266.

19. Seppi, H., Grotendorst, G., Sepp4, S., Schiffman, E. & Mar-
tin, G. R. (1982) J. Cell Biol. 92, 584-588.

20. Schwartz, S. M. (1978) In Vitro 14, 966-980.

21. Poiesz, B. J., Ruscetti, F. W., Gazdar, A. F., Bunn, P. A.,
Minna, J. D. & Gallo, R. C. (1980) Proc. Natl. Acad. Sci. USA

77, 7415-7419.



