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Abstract

PDGFhas been shown to contribute to hypertrophy in vas-

cular smooth muscle cells (VSMC). PDGF-AAdifferentially
promotes protein synthesis in VSMCfrom spontaneously
hypertensive rats (SHR) but not in those from Wistar-Kyoto
rats (WKY). This observation has led us to postulate a

role for PDGFa receptor (PDGFR-a) in the hypertensive
hypertrophy of blood vessels. Western and Northern blot
analyses demonstrated a high and specific expression of the
PDGFR-aprotein and mRNAin SHRcells but not in WKY
cells. To clarify the mechanism of the differential expression
of the PDGFR-cv gene, we isolated the promoter region of
the gene. Studies on the promoter functions indicated that
this promoter is active in SHRcells but not in WKYcells.
The regulatory domain responsible for this difference was

narrowed to the sequence between -246 and -139, which
enhanced the promoter activity of SHR fivefold over the
basal activity. DNase I footprinting and gel-shift assay indi-
cated that this sequence specifically interact with nuclear
proteins from VSMCthrough the binding site for CCAAT/
enhancer-binding proteins, and members of the C/en-
hancer-binding protein family play a significant role in the
strain-specific transcription of the PDGFR-a gene. (J. Clin.
Invest. 1995.96:558-567.) Key words: vascular smooth mus-

cle cells * vascular hypertrophy * platelet-derived growth
factor c-receptor * promoter activity * CCAAT/enhancer-
binding proteins

Introduction

The growth of vascular smooth muscle (vascular remodeling)
occurs as an adaptive process in response to chronic changes
in hemodynamic conditions and humoral factors. Vascular re-

modeling has been considered to contribute to pathophysiologi-
cal changes in cardiovascular diseases. In the context of hyper-
tension, the vascular structural changes in smooth muscle may
play an important role in the etiology, amplification, and perpet-
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uation of high blood pressure ( 1). These vascular changes in
hypertensive subjects and animals are seen primarily in small
arteries and arterioles, although larger vessels also undergo vas-
cular remodeling. Morphologic studies have demonstrated that
in the aorta an increase in smooth muscle mass due to hypertro-
phy rather than hyperplasia is a principal change (2), whereas
in smaller resistance vessels hyperplasia may be an important
process (3). Extensive studies on the biochemical and cellular
mechanisms have been reported. However, factors that initiate
and maintain the vascular growth response have not yet been
fully clarified. In response to hemodynamic forces, physical
injury, or circulating factors, cells in the vessel wall are acti-
vated to release growth modulators, cytokines, proteolytic en-
zymes, and matrix components, thereby participating in the pro-
cess of vascular remodeling (4).

PDGFis one of the major mitogens in serum and is responsi-
ble for proliferation of certain types of cells, including fibro-
blasts, glial cells, and vascular smooth muscle cells (VSMC)1
(5, 6). Notably, VSMCare capable of producing and secreting
the PDGF-AAhomodimer but not its BB isoforms in a growth-
and development-dependent manner, which may contribute to
the autocrine and/or paracrine growth-stimulating mechanism
of blood vessels (7). The action of PDGF-AA is specific to the
PDGFa receptor (PDGFR-a) and does not bind the PDGFR-
,8. In our recent studies, we have reported that the PDGF-BB
homodimer is a potent mitogen for cultured VSMCfrom the
normotensive rat strain, Wistar-Kyoto rats (WKY), whereas
PDGF-AA is inactive in eliciting DNAor protein synthesis in
these cells (8). Given the selective specificity of the PDGF-
AA homodimer for the a receptor, we attribute the absence of
the response to the AA homodimer to the absence of the a
receptor (9). However, we have observed that PDGF-AApro-
motes protein synthesis in a dose-dependent manner in VSMC
derived from spontaneously hypertensive rats (SHR), presum-
ably due to a high level expression of PDGFR-a in the hyperten-
sive rat strain.

Since the action of PDGF-AA(a specific ligand for PDGFR-
a) in SHR-derived VSMCwas limited to the induction of pro-
tein synthesis without an effect on DNA synthesis, we have
postulated that PDGFR-a mediates the hypertrophy rather than
hyperplasia of VSMC, whereas mitogenic responses of these
cells are mediated only through PDGFR-/3. Here, we report

1. Abbreviations used in this paper: C/EBP, CCAAT/enhancer-binding
protein; CTF/NF-I, CCAAT-binding transcription factor/nuclear factor
I; G3PDH, glyceraldehyde 3-phosphate dehydrogenase; NF-IL6, nuclear
factor for IL-6; PDGFR, platelet-derived growth factor receptor; pGLE,
pGL2-enhancer vector; pKS(+), pBluescript KS(+) vector; SHR,
spontaneously hypertensive rats; SD, Sprague-Dawley; VSMC, vascular
smooth muscle cells; WKY, Wistar-Kyoto rats.
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evidence for the differential expression of PDGFR-a in VSMC
from SHRby examining its binding capacity, the presence of
receptor protein, and mRNA. Further, in an approach to clarify
the mechanism of the differential PDGFR-a expression, we
isolated and characterized the 5 '-flanking region containing the
promoter and cis-acting elements of the PDGFR-a gene. We
identified a potential regulatory element that is involved in the
differential expression of the PDGFR-a gene in WKY- and
SHR-derived VSMC.

Methods

Materials. Recombinant human PDGF isoforms, rabbit anti-mouse
PDGFR-aantibodies, and rabbit anti-human PDGFR-,l antibodies were
purchased from Upstate Biotechnology Inc. (Lake Placid, NY). [n21I]-
PDGF-BB (1,000 Ci/mmol) was obtained from Amersham (Arlington
Heights, IL), 1"I-goat anti-rabbit IgG and "25I-goat anti-mouse IgG
from ICN (Costa Mesa, CA), and [a-32P]dCTP (3,000 Ci/mmol) and
[y-32P]ATP (6,000 Ci/mmol) from DuPont/NEN (Boston, MA).

Cell culture. VSMCwere isolated from the thoracic aorta of age-
matched (12-wk-old) WKYand SHR(Charles River Breeding Labora-
tories, Wilmington, MA) as described previously (8, 9). VSMC(pas-
sages 7-12) were seeded in a dish (104 cells/cm2) and maintained in
DMEwith 10%heat-inactivated FCSat 370C in a humidified atmosphere
of 95% air-5% CO2. In preparation for experiments, confluent cells
were made quiescent by placing them in a defined serum-free medium
containing insulin (10 Ag/ml), transferrin (10 Ag/ml), and sodium
serenite (10 ng/ml) for 2 d. Libby and O'Brien (10) showed that this
medium maintains VSMCin a quiescent and noncatabolic state for an
extended period of time.

Immunoblotting. VSMCin a 100-mm dish were washed with 20
mMHepes-NaOH buffer, pH 7.4, containing 130 mMNaCl, 5 mM
KCl, 1 mMMgCl2, and 2 mMEGTAand were lysed with 20 mM
Hepes-NaOH buffer, pH 7.4, containing 0.5% NP-40, 50 mMf-glycero-
phosphate, 0.1 mMorthovanadate, 10 pLM molybdate, 1 mMPMSF, 0.1
mg/ml leupeptin, and 10 mg/ml aprotinin at 4°C. After centrifugation
at 14,000 g for 5 min, supernatant was used as cell lysate. SDS-PAGE
was done using a 7.5% gel according to Laemmli (11), and proteins
in the gel were transferred to a nitrocellulose membrane by electroblot-
ting. The membrane was treated with antibodies against PDGFR-a or
PDGFR-,B, and immunoreactive proteins were detected by autoradiogra-
phy using goat anti-rabbit or anti-mouse IgG labeled with "2I.

Competitive binding analysis. VSMCin a 13-mm well (3.5 x 105
cells/well) were washed twice with DMEcontaining 10 mMHepes-
NaOHbuffer, pH 7.4, and 0.5% BSA and were incubated with [5I]-
PDGF-BB (1 ng, 69,000 cpm) in the presence of unlabeled PDGF-AA
or -BB in 1 ml of the same medium for 3 h at 4°C. After washing five
times with the medium at 4°C, cells were lysed directly in 20 mM
Hepes-NaOH buffer, pH 7.4, containing 1% Triton X-100 and 10%
glycerol, and radioactivity associated with cells was counted.

cDNAprobes. PDGFR-a cDNAprobes corresponding to the nucle-
otide positions +796 to +1,432 (probe 1) and -127 to +5 (probe 2)
of the rat PDGFR-a cDNA sequence (12) were prepared from the total
RNAof rat lung L2 cells (CCL149, American Type Culture Collection)
by the reverse transcriptase-PCR method, and the former was used for
Northern analysis and the latter for screening a genomic DNAlibrary. A
rat PDGFR-,/ cDNA fragment corresponding to the nucleotide position
+ 1,432 to +2,216 of the mouse cDNAsequence ( 13 ) was also prepared
from the total RNAof L2 cells by the reverse transcriptase-PCR method.
A 1.3-kb fragment of the rat glyceraldehyde 3-phosphate dehydrogenase
(G3PDH) cDNAwas generated by using the rat G3PDHControl Ampli-
mer Set (Clontech Laboratories, Inc., Palo Alto, CA). The human PDGF
A chain cDNAEcoRI fragment (1.3 kb) was kindly made available by
Dr. C. Betsholtz. DNAprobes were labeled with [a-32P]dCTP using
the random oligonucleotide method.

Library screening and DNA sequencing. Methods of screening a
recombinant genomic library, Southern blot transfer, hybridization to
DNAon filters, subcloning into plasmid vectors, and gel electrophoresis
were performed according to the procedures described previously (14,
15). A lambda DASHII rat genomic library obtained from the testes
of male Sprague-Dawley (SD) rats (Stratagene, La Jolla, CA) was
screened by a 133-bp fragment of the rat PDGFR-a cDNA (probe 2)
as a probe. One clone that contained a 16-kb genomic sequence of the
rat PDGFR-a gene was isolated from -1 X 106 clones. A 6.0-kb
BamHI fragment of this clone was subcloned into the pBluescript KS
( + ) vector (pKS( + ), Stratagene), which was designated pKS6.0a, and
partial sequences of this fragment were determined by the dideoxy chain
termination method on a double-stranded DNAtemplate (15).

Northern and primer extension analyses. Total cellular RNAwas
isolated from VSMCusing the LiCl/urea method as described pre-
viously (16). For Northern analysis, RNAwas electrophoresed in a
1.0% agarose/2.2 Mformaldehyde gel and transferred to a nylon mem-
brane (Hybond-N+, Amersham) after staining with ethidium bromide
to verify the relative quantity and quality of RNA. The membrane was
prehybridized and hybridized by standard techniques (14, 15). After
high-stringency washing for 1 h at 600C, blots were exposed to an x-
ray film with an intensifying screen at -800C. Developed films were
scanned by an image scanner (ES-800C Scanner, Epson America, Inc.,
Torrance, CA) and analyzed by a computer program (NIH Image 1.49)
to measure the relative intensity of bands. Primer extension analysis
was carried out essentially as described previously ( 15). For the primer
extension analysis of PDGFR-a mRNA, a reverse complement primer
(5 '-AGCCCCAAGCCTCCAGTCCT-3')corresponding to the nucleo-
tide position -87 to -68 of the PDGFR-acDNA(12) was synthesized.
For the primer extension analysis of promoter-luciferase fusion mRNA,
a reverse complement primer (5 '-CTTTATGTl'r- GGCGTCTTCCA-
3') corresponding to the nucleotide position +2 to +24 of the luciferase
cDNA was synthesized. These primers were labeled with [y-32P]ATP
and hybridized overnight at 42°C with RNAsamples. After precipitation
with ethanol, pellets were resuspended in a 20-1. reaction mixture with
50 Uof avian myeloblastosis virus reverse transcriptase (Promega, Mad-
ison, WI) and incubated for 2 h at 42°C. Products were analyzed by
resolution on a 6% polyacrylamide/8 Murea gel. The gel was dried
and exposed to an x-ray film with an intensifying screen at -80°C.

Construction of PDGFR-a-luciferase expression vectors. A 1,703-
bp genomic sequence of the PDGFR-a gene containing a promoter
fragment (1,635 bp) and a partial sequence of the first exon (68 bp)
was amplified by PCRusing specific oligonucleotide primers (P1, 5'-
GACTTGC'T'lAACAACAGC-3', and P2, 5'-CTCCCTCAAGCT-
CCAACAGT-3') (see Fig. 5), subcloned into the EcoRV site of
pKS ( + ), and sequenced. To generate promoter-reporter expression vec-
tors, a SacI-XhoI fragment of the resultant plasmid was subcloned into
the promoterless pGL2-enhancer vector (pGLE, Promega) that con-
tained a cDNA of firefly luciferase with a simian virus 40 enhancer
sequence. Subsequently, the resultant plasmid, which was designated
pLuc-al, was digested with appropriate restriction enzymes to obtain
5' deletions, pLuc-a2 through pLuc-a7 (see Fig. 6).

DNA transfection and luciferase assay. Promoter-reporter expres-
sion vectors were prepared by alkaline lysis of bacterial cultures, purified
using a precipitation protocol by the polyethylene glycol method (14),
and used for the transfection of VSMC. The smooth muscle cells were
seeded in 60-mm dishes (5 x 105 cells/dish) 24 h before transfection.
Transfections were performed with cells at - 70% confluency by the
DEAE-dextran method (15). After washing twice with PBS, cells were
incubated for 15 min at room temperature with DNAmixtures of 3 yg
of the PDGFR-a-luciferase expression vectors and 6 Isg of pSV 63-
galactosidase control vector (Promega) in the presence of 0.5 mg/ml
DEAE-dextran solution in PBS. After the transfection, cells were rinsed
gently twice with PBSand incubated for an additional 48 h in the culture
medium and then washed twice with PBS, and enzyme assays were
performed. Washed cells were incubated for 5 min in a 250-1. lysis
buffer containing 25 mMTris, pH 7.8, 2 mMEDTA, 2 mMDTT, 10%
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Figure 1. Western blot analysis of

A B the PDGFR-a and -,6 in WKY-and
1 2 1 2 SHR-derived VSMC. Lysate (100

jIg of protein) obtained from SHR-
(lane 1) or WKY-derived VSMC
(lane 2) was analyzed by SDS-
PAGEfollowed by immunoblotting

A with rabbit anti-PDGFR-a (A) or

mouse anti-PDGFR-/3 (B) antibod-
ies, and then immunoreactive pro-

_~.<g> teins were detected by autoradiogra-
phy using anti-rabbit or anti-~~~~~~~~~~~~_f"1 j4.- Is-_it:4 ..,oTr1kool;tU125TF TFmouse ige iameuea Wilt --1. Left
margin indicates M, x 103.

glycerol, and 1% Triton X-100. Cell lysate was scraped with a rubber
policeman, transferred to 1.5-ml microcentrifuge tubes, and spun at
12,000 rpm for 10 min. Supernatant was transferred to new tubes, and
directly used for luciferase and 13-galactosidase assays. A glass tube
containing 20 pA of supernatant was placed in a luminometer (Optocomp
I luminometer, MGMInstruments Inc., Hamden, CT), 100 pl of 470
MMluciferin was added automatically, and integrated peak lumines-
cence was measured over a 45-s window after a 5-s delay. The activity
of /3-galactosidase was determined by absorbency at 405 nm in a spec-

trophotometer after a 150-min incubation of 100 MI cell lysate with 100
jil of 2x assay buffer (200 mMNa2PO4, 90 mM/3-mercaptoethanol,
and 8 mg/ml O-nitrophenol-,6-D-galactopyranoside) and was used to
normalize for variations in transfection efficiency.

Preparation of nuclear extracts. Nuclear extracts were prepared
according to the method described by Dignam et al. ( 17 ) from quiescent
VSMCderived from WKYor SHR. Protein concentrations were deter-
mined using the Bio-Rad Protein Assay Reagent (Bio-Rad Laboratories,
Richmond, CA), and nuclear extracts were divided into aliquots, quickly
frozen in liquid nitrogen, and stored at -80TC.

DNase Ifootprinting. DNase I footprinting was performed according
to the method described by Jones et al. ( 18 ) with minor modifications. A
60-bp double-stranded oligonucleotide corresponding to the nucleotide
position -197 to -138 of the PDGFR-a promoter (5'-GTTGT7GT1-
GAAGTCTGGGGTTGGGATTGGCCCCCCAGATTGCATAAGA-
GCAAAAAGCCA-3') was subcloned into the EcoRV site of pKS (+)
and sequenced. To generate a probe labeled at one end, the resultant
plasmid was digested with XhoI or XbaI, end-labeled with [a- 32p]dCTP
using Klenow fragment, and a second digestion was performed with
XbaI or XhoI, respectively. Finally, a coding- and noncoding-strand
probe ( 124 bp each) was used for DNase I footprinting and the G + A
reaction of the Maxam-Gilbert sequencing technique (15). Nuclear
extracts (0, 5, 10, and 20 tg) were incubated with 2.0 x 104 cpm
of the probe for 30 min at room temperature in a 40-jil binding buffer
containing 12 mMHepes-KOH, pH 7.9, 60 mMKCl, 4 mMMgCl2, 1

mMEDTA, 1 mMDTT, 10% glycerol, and 50 jig/ml of poly (dl-
dC) (dl-dC) (Pharmacia LKB Biotechnology Inc., Piscataway, NJ).
The reaction mixture was then subjected to treatment with DNase I (0.2
Uof RQI RNase-free DNase) (Promega) for 1 min at room temperature.
Reaction was stopped by adding 100 pil of 0.3 Msodium acetate, 20
mMEDTA, 0.2% SDS, and 200 jig/ml of yeast tRNA. The samples
were extracted twice with phenol-chloroform, ethanol precipitated, and
finally analyzed by resolution on a 7% polyacrylamide/8 Murea gel.
The gel was dried and exposed to an x-ray film with an intensifying
screen at -80'C.

Gel-shift analysis. Double-stranded oligonucleotides used for the
gel-shift analysis were 5 '-CCCCAGATTGCATAAGAGCAAAAA-
GCCA-3' corresponding to the nucleotide position -165 to -138 of the
PDGFR-a promoter containing an enhancer core sequence for CCAAT/
enhancer-binding proteins (C/EBPs) and 5'-CCTTTGGCATGCTGC-
CAATATG-3' containing a consensus sequence for CCAAT-binding
transcription factor/nuclear factor I (CTF/NF-I) (Promega) that was

| Figure 2. Binding com-
petition by unlabeled

a 100 PDGF-AA and -BB for
X6 = 1 \ | [125I]PDGF-BB in
D 1| WKY- and SHR-derived
mn 8 VSMC. After WKY- (e,
LL i 50 AA) and SHR-derived (0,cow|...A) VSMCwere incu-

| bated with ['251]PDGF-
BB in the presence of un-

0 labeled PDGF-AA(e, 0)
0 100 or PDGF-BB (A, A),

PDGF (ng/ml) cells were lysed directly,
and radioactivity associ-

ated with cells was counted. Nonspecific binding was determined in the
presence of unlabeled PDGF-BB at 500 ng/ml. The binding in the
absence of unlabeled ligand (5,600 cpm/well in VSMCfrom WKYand
9,788 cpm/well in those from SHR) was set at 100%. Data are presented
as means of four determinations (SE < 10%).

used as an unrelated competitor. C/EBP oligonucleotide was end-la-
beled with [y-32P]ATP using T4 polynucleotide kinase and used as a

probe. DNA-protein binding was performed under the same conditions
described for DNase I footprinting except that 2 jg of nuclear extracts
was incubated with - 1.0 X 104 cpm of the labeled C/EBP probe and
the reaction volume was 10 jl. For the competition experiments, a 200-
fold molar excess of unlabeled C/EBP or CTF/NF-I oligonucleotide
was added to the reaction mixture and incubated on ice for 15 min
before adding the labeled C/EBP probe. After incubating with labeled
probe for 30 min at room temperature, the samples were analyzed by
4%PAGEunder nondenaturing conditions at 4TC in a low-ionic strength
buffer containing 6.7 mMTris-HCl, pH 7.5, 3.3 mMsodium acetate,
and 1 mMEDTA. The gel was dried and exposed to an x-ray film with
an intensifying screen at -80TC.

Results

Differential expression of PDGFR-a in WKYand SHR cells.
Expression levels of PDGFR-a and -/3 were compared between
WKY-and SHR-derived quiescent VSMCby immunoblotting.
Cell lysate obtained from these cells was analyzed by SDS-
PAGEfollowed by immunoblotting with anti-PDGFR-a or

-/3 antibodies (Fig. 1). One major band with a molecular mass

of 180 kD and one minor band of 160 kD corresponding to
PDGFR-/3 were observed in cells from both strains of rats (Fig.
1 B), whereas an immunoreactive band with an M, of 170 kD
corresponding to the mature form of PDGFR-a was observed
only in VSMCfrom SHRbut not in those from WKY(Fig. 1

A). Competitive binding analysis to ascertain the expression
of functional receptors was done to displace the binding of
[125I]PDGF-BB, which binds both to PDGFR-a and PDGFR-f3
(Fig. 2). Binding of labeled ligand decreased with an increasing
concentration of unlabeled PDGF-BB in WKY- and SHR-de-
rived VSMC. The Kd values for PDGF-BB were estimated to
be 18 ng/ml both in WKY-and SHR-derived VSMC. The bind-
ing sites for PDGF-BB in WKY-and SHR-derived VSMCwere

estimated to be 100,000 and 170,000 sites/cell, respectively.
Unlabeled PDGF-AA failed to displace labeled PDGF-BB in
VSMCfrom WKY, indicating that PDGF-AAdoes not bind to
WKY-derived VSMC. This observation indicated that WKY-
derived VSMCdid not have PDGFR-a or expressed it at a very

low level. In contrast, unlabeled PDGF-AAresulted in a clearly
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Figure 3. Northern blot
analysis of PDGFR-a,
-/3, and PDGF-A

6.8-kb mRNAsin WKY- and
SHR-derived VSMC.
Total RNA(20 jug) ob-
tained from quiescent
WKY- (W) or SHR-de-
rived VSMC(S) was an-

4 5.6-kb alyzed by Northern blot-
ting for PDGFR-a, -,6,
and PDGF-A mRNAs.
Expression levels of

2.8-kb G3PDHmRNAwere

used as internal control
to standardize the
amount of total RNAac-

1.3-kb tually blotted onto a
membrane.

recognizable decrease in the binding of [1251]PDGF-BB in a
concentration-dependent manner in VSMCfrom SHR, and the
binding sites for PDGF-AAwere estimated to be 51,000 sites/
cell. Steady state mRNAlevels of PDGFR-a and -,6 were also
compared between VSMCfrom WKYand SHRby Northern
analysis (Fig. 3). Although both WKY- and SHR-derived
VSMC expressed PDGFR-/3 mRNA (5.6 kb), PDGFR-a
mRNA(6.8 kb) was expressed only in VSMCfrom SHRat a
high level. PDGFR-a gene transcription was absent in WKY-
derived VSMC. In addition, VSMCderived from another nor-
motensive rat strain, SD rats, also did not express PDGFR-a
mRNA,whereas rat pheochromocytoma cell line, PC12Wcells,
expressed PDGFR-a mRNA - 10-fold higher than SHR-de-
rived VSMC(data not shown). The differential expression of
PDGFR-a was confirmed with three pairs of VSMCprepara-
tions. PDGF-A mRNA(2.8 kb) was expressed in both WKY-
and SHR-derived VSMCat comparable levels.

5'-Flanking region of the rat PDGFR-a gene. Since there
are significant differences in PDGFR-a mRNAlevels, which
may reflect differences in its transcription between WKY- and
SHR-derived VSMC, the 5 '-flanking region was isolated and
analyzed to study the strain-specific transcriptional regulation
of the PDGFR-a gene. One genomic clone of the PDGFR-a
gene ( - 16 kb) was isolated from an SDrat genomic library and
characterized by Southern blotting and partial DNAsequence
analysis. Since a 6.0-kb BamHI fragment of this clone contained
the 5 '-flanking sequence, the entire first exon, and a part of the
first intron, this fragment was subcloned into pKS ( +). The
resultant plasmid (pKS6.0a) was used for subsequent studies
on the structure and function of the PDGFR-a promoter. By
primer extension analysis using the reverse complement primer
of the sequence corresponding to the nucleotide position -87
to -68 of PDGFR-a cDNA (12), two major transcriptional
initiation sites were identified in VSMCfrom SHR(Fig. 4, lane
2, #1, adenine residue, and #2, guanine residue). Fig. 5 shows
a sequence alignment of the PDGFR-a gene that contains a
1,645-bp stretch of the 5 '-flanking region and 169 bp of the first
exon and is numbered starting from the proximal transcription
initiation site (adenine residue, in Fig. 4 as +1). To compare
the promoter structure between WKYand SHRgenomes, the
segment flanked by the primers, P1 and P2, were amplified

C T A G 1 2
- : f~~ NA:.j

,.i " ....77 9Ale., ,

Figure 4. Determination of the
transcription initiation sites by
the primer extension analysis.
Total RNAfrom SHR-derived
VSMCwas hybridized over-
night at 420C with a [y_32Pp]
labeled 20-mer oligonucleotide
primer and extended with re-
verse transcriptase. Reaction
products were resolved on a 6%
polyacrylamide sequencing gel
before autoradiography. Lanes
C, T, A, and Gare sequence lad-
ders from pKS6.Oa double-
stranded template using the

4- #2 same primer; lane 1, primer ex-
tension from 20 jtg yeast tRNA,
and lane 2, primer extension
from 20 Htg total RNAof SHR-
derived VSMC. #1, adenine res-
idue, and #2, guanine residue,
indicate two major transcription
initiation sites of the PDGFR-a
gene.

from genomic DNAs of the two strains by PCRand subcloned
into the EcoRV site of pKS(+). Sequence analyses of these
fragments revealed that promoter sequences obtained from
WKYand SHRgenomic DNAswere identical to the sequence
of SD rats as shown in Fig. 5.

A computer-assisted search was performed for exact
matches with well-defined transcriptional regulatory elements.
Although sites for interaction with the RNApolymerase H tran-
scription complex such as a TATAbox or GCbox (Spi ) were
not found in the 5'-flanking region of the PDGFR-a gene,
several potential transcriptional elements were seen to cluster
around the sequence within 500 bp from the proximal transcrip-
tion initiation site. Notable sequences in this region that per-
fectly match the consensus elements include a protein kinase
C-responsive element (AP-l) found at position - 128 bp; five
AP-2 enhancer elements at positions -206, -226, -330, -452,
and -472 bp; an enhancer core sequence for C/EBP at position
-159 bp; a cAMP responsive element at position -251 bp;
and three binding sites for nuclear factor for IL-6 (NF-1L6) at
positions -159, -300, and -397 bp. Other regulatory elements
found in a distal sequence from -500 to -1,600 bp include a
cardiac muscle-specific enhancer found at position -550 bp; a
metallothionein responsive element at -621 bp; two GATA-1
boxes (GATA) at -698 and -726 bp; two binding sites for
NF-IL6 at -831 and - 1,199 bp; three AP-2 elements at -1,068,
-1,221, and -1,282 bp; and a binding site for nuclear factor for
KB at -1,328 bp. In addition, an alternating purine-pyrimidine
sequence of the d(TG)n type with 30 repeats is found at position
-1,592 bp.

Functional analysis of the 5 '-flanking region. Seven lucifer-
ase expression vectors containing 5' deletions of various lengths
over a 1.6-kb stretch of the PDGFR-a promoter region were
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-1.645 CCTAA ATCTTGACTTGCTTTTAACA
Po

-1,620 ACAGCTGAAAGCCCTCCACCCCTGCTCCGTGTGTGTGTGT

-1,560 TGTGTGTGTGTGTGTGTGTGTGTGTG ACGCGCTCGCAGGAGTCGTTAGCATCCTGT

-1.600 TCATTATCTACAAACATTACGGTATCCTGCTAGCATTCCGAACAAGGGGCTGTTCATACA

-1,440 TTTCGCCTTCAATGATTTCCTGAAGGAACATGTGGAAGTAATTGGGAGCAGGGCAGTCAC

-1,360 CCGAGCTGAAGATACACCGAGAGGCGGGCGTGCAGAAGGGCATAGGAGAATl299
KB

-1,320 ,GGCCCAGCTCCAGGACTCCTCTTCCCGAACCTGACAC=_=QTCCGGTCCCATTTA
APN-1.360 GGCACAGCACCCGACTTTCGGGGAAACCTCTGTGATTT _ TCAGGGCACTGTC
AP2

-1,200 GTGGTG AACCAGTGGTTATTCGACGTTTTGTTATCTACCTGACCGCCTTGTCCATT
NF-4

-1.140 TTAATTCGGATATGAGTGAGATGGAGGTAGTGTGTGTTTGGGGGTGGTGGTGAGGATAAA

-1,0610 GGACTACTCTCGTCGCCCCC AAGAGCATTCAAAA AATAGAGCGCAAGTCGAAGG
AN2

-1.020 GCCCTCCCTTCCCCCACTCGCTCTGGGAAGTGCCTGTCGCCCAGGTTTGGTTCCTGGAGT

-060 TCAGCGCCCCCTTTCCCTCCCGGCAGGATCGCGGCGACTCTTCGCGCCTGGGTGTCTCGG

900 TTTCGTGGCTCAAACATCCCGAAAGCTTTCCTAGGGTACCTCGTGTGGGACCCACTCGGA

-640 AGGGTGGAATTTAGGAGTCAAAATACTTCTGCCATCCAGATGCAGAGGGCAGGCGTCC

-780 CGTAGTCACACCTAGCCTGGGCCTrTTCATATGAAGATTGAAGAAACGAGGACC&aa
GATA

-720 CTCAGAAAACAAAGGCAGTACCAQ&GTGGCTCCAAAGGGATAAGGTCGTTCTTCCGG
GATA

-66 AGAACATCCATCCCAAAGGTACGCTGAGCAACCGTTATTLWCACATCTCACAATCCA
MRE

4°0 GCGCTTTCAAAACCCATCATCTTCCTATTAGGCTCCACAGTTTCCTAATCCCATTAAAGG
CAM

-UO ATTACCAACTACGCGGCACTTTCCCCTAAGACCCCCAGTTCAAAACGACGCAGCCGCATT

480 ACGATTTCCCCCAGGGCCATATTTCTAGC"GAGCGGACTGCCTATAGAAGGGAGAAT
AP2 AP2420 TTGAATTCTAGATTTATATTCGTagaAAAGCAGTAATTTTACGTGTGTTTTCCTT

NF-
0 TCGAAGGGAGTACAAAAACTATAGCGACACCCCCCCT CCATTGAGAAGTCAACTCAT

AP2
-00 TT AAATGATGGCTGTTTGAGTTTCATGAACCCTCTTTCCCGGCAGMCQ2=MCACC

W_ CR
.240 TCCCCCTTCAGCCAC C CCCCATCTGGTTTGCCCCC TTGTTGTTGAAGTCTG

AP2 AP2
-180 GGGTTGGGATTGGCCCCCCAGA=GCQrAAGCAAAAAGCCATGGAGAGGTCTGAGCC

CNFM"WG ANI
-120 rLAGAGAGGTTCAGAGAGCAAGGAGGAGTCCGAGGGAAACTTTTAT7TTGAAGAGACCAGG

.60 GGGGGGGGACTTCATTTCCTGACAGCTATTTACTTTGAGCAAATGATTAGTTTTCGGAGG
_(J1-1) 0_^+1 &CYAYAAC&YY&&ICAAW.ACAAA&YGCQ.GO..WF AGCcCA AC Y9.TGS& -41 T~~~~~~~~~~~~~~~~~~~~a -r

441 YQaGUGMWI AA&CAAAC&OAGGAACTQY GOCOGOA9CYG&GOC2YOGGGCTV&Y

+121 YCCTCCOGGCYATCO&YYYNCTIAWCAAACTGAC06~aGAG0A&G TAAGGGAGAG

Figure 5. The sequence of the promoter region and upstream regulatory
elements for the PDGFR-a gene. The first base of the first exon (#I)
is indicated as position +1 and the first base upstream from the transcrip-
tion initiation site is shown as position -1. Position of #2 indicates
another transcription initiation site as shown in Fig. 4. The first exon
is shown in bold letters. Underlined sequences show the notable regula-
tory cis-acting elements. AP-1 indicates protein kinase C-responsive
element; AP-2, AP-2 enhancer element; C/EBP, enhancer core sequence
for CCAAT/enhancer-binding proteins; CRE, cAMPresponsive ele-
ment; NF-IL6, binding site for nuclear factor for IL-6; CArG, cardiac
muscle-specific enhancer element; MRE, metallothionein responsive
element; GATA, GATA-1 box; and NF-KB, binding site for nuclear
factor for KB. A double-underlined sequence shows alternating purine-
pyrimidine dinucleotide repeats of the d(TG)n-type. Dotted-underlined
sequences (PI and P2) indicate PCRprimers used for creating the
promoter-reporter expression vector, pLuc-al (Fig. 6), and for ampli-
fying the promoter regions from WKYand SHRgenomic DNAs. The
nucleotide sequence has been submitted to GenBank/EMBL Data Bank,
accession number U13172.

prepared by the ligation of restriction enzyme fragments into
the luciferase cDNA reporter plasmid, pGLE. The deletion mu-
tants had nucleotide sequences starting at positions -1,635,
-1,381, -877, -696, -358, -246, and -139 bp upstream
from the transcription initiation site (Fig. 6). To confirm that
the transcriptional activity of the PDGFR-apromoter-luciferase
expression vectors was mediated by PDGFR-a sequences rather
than vector sequences, the transcriptional initiation site of the
promoter-luciferase fusion gene was mapped by primer exten-
sion analysis (Fig. 7). Using SHR-derived VSMCtransfected

with pLuc-a2, the total RNAextracted from the transiently ex-
pressed cells produced a prominent band at the adenine residue
corresponding to the proximal transcription initiation site for
the PDGFR-a gene (Fig. 4, lane 2, #1).

The functional promoter activity of these 5' deletions was
assessed by their ability to drive luciferase cDNA expression
using VSMCfrom WKYand SHR. After normalization for
transfection efficiency in reference to spectrophotometrically
determined 63-galactosidase activity, the luciferase activity of
pGLE alone was subtracted from those of expression constructs
containing 5' deletions. The correction for the baseline level
activity was done individually for WKY- and SHR-derived
VSMC. Promoter activities thus corrected are presented in Fig.
8 as relative luciferase activity in reference to the maximum
activity observed in VSMCfrom WKYthat was set as unity.
When each of the 5' deletion constructs was transfected into
VSMCfrom WKY, it drove luciferase transcription at a very
low level compared with those from SHR. The promoter activi-
ties of the 5' deletions in SHR-derived VSMCwere 3- to 18-
fold higher than those observed in WKY-derived VSMC. In
addition, this promoter was also inactive in VSMCderived from
another normotensive rat strain, SD rats, that did not express
the PDGFR-a, whereas it showed a significant activity (two-
to threefold higher than that observed in VSMCfrom SHR) in
PC12Wcells that expressed PDGFR-a at a very high level
(data not shown). In VSMCfrom SHR, a 139-bp subfragment
upstream from the first exon (pLuc-a7) consistently drove the
luciferase transcription to a level threefold higher over that
seen from the promoterless construct, pGLE. Particularly, the
sequence spanning -246 through -139 enhanced the expres-
sion of luciferase about fivefold over the basal activity observed
in SHR-derived VSMC(pLuc-a6 vs. pLuc-a7). On the other
hand, the sequence spanning -1,635 through -1,381 reduced
the luciferase activity by 60% (pLuc-al vs. pLuc-a2).

Differentially regulated cis-acting element of the PDGFR-
a promoter. To locate potential cis-acting elements that are
critically related to the difference in transcriptional activity be-
tween WKY- and SHR-derived VSMC, DNase I footprinting
was performed on the region between pLuc-a6 and pLuc-a7
(Fig. 9). A coding- or noncoding-strand probe containing the
sequence spanning -197 through -138 was end labeled and
incubated with nuclear extracts prepared from quiescent VSMC
derived from WKYor SHR. Regions protected from DNase I
were evident in both coding- and noncoding-strand experiments,
reflecting the interaction of trans-acting factors at this site. Nu-
clear extracts obtained from WKY- and SHR-derived VSMC
recognized an identical region spanning -163 through -139
(5'-CCAGATTGCATAAGAGCAAAAAGCC-3')on a cod-
ing-strand or -164 through -151 (5'-GGGTCTAACGTATT-
3') on a noncoding-strand, respectively. The footprinted region
on each strand contained an enhancer core sequence for C/EBP
as shown in bold letters. Additionally, the level of binding
activity in nuclear extracts obtained from SHR-derived VSMC
was approximately fourfold higher than that from WKY-derived
VSMC.

To further address the nature of the binding activity seen in
the footprinted regions, a gel-shift assay was performed by using
synthetic double-stranded oligonucleotides containing an en-
hancer core sequence for C/EBP (Fig. 10). Nuclear extracts
from WKY- or SHR-derived VSMCwere reacted with a 28-
bp radiolabeled C/EBP probe spanning -165 through -138.
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Figure 6. Construction of the PDGFR-a promoter-luciferase expression vectors. A 1,703-bp fragment containing 1,635 bp of the 5 '-flanking
sequence and 68 bp of the first exon was amplified by PCRusing P1 and P2 primers in Fig. 5 and subcloned into pKS ( + ). A SacI-XhoI fragment
of the resultant plasmid was subcloned into pGLE to produce pLuc-al. As shown schematically, serial 5' deletions of the pLuc-al (pLuc-a2 to
pLuc-a7) were generated by restriction enzyme digestions as follows. A, AvaI; H3, HindHI; B, BamHI; E, EcoRI; H2, Hincd; N, NcoI; Luc,
luciferase cDNA.

The C/EBP probe was shifted by nuclear extracts from WKY-
and SHR-derived VSMCgenerating specific bands (Fig. 10,
lanes 1 and 4). All bands were completely competed out in
the presence of a 200-fold molar excess of unlabeled C/EBP
oligonucleotide (lanes 2 and 5) but not in the presence of unla-
beled CTF/NF-I oligonucleotide (lanes 3 and 6). Nuclear ex-

tracts from WKY-derived VSMCgenerated a single band (lane
1, B3), whereas those from SHR-derived VSMCgenerated two
closely shifted bands (BJ and B2) in addition to B3 (lane 4).

Discussion

Vascular remodeling is considered to be a major mechanism
involved in hypertension (19-21). The vasculature of SHRis
known to undergo a remodeling presumably by a hypertrophic
change in the vascular smooth muscle. In search of molecular
and cellular mechanisms for such a change, we found a marked
difference in the expression level of PDGFR-a between the
VSMCof SHRand normotensive inbred WKYas well as out-
bred SD rats. In cells derived from the normotensive rats, the
PDGFR-awas at a level undetectable by Northern blot, whereas
VSMCfrom SHR expressed it at a level comparable with
PDGFR-13, which was expressed both in normotensive and hy-
pertensive rats. The differential a receptor expression is of

pathophysiological significance because its ligand PDGF-AA is
also produced in VSMCand can activate an autocrine vascular
hypertrophy mechanism that may result in vascular remodeling
implicated in the development and maintenance of hypertension
(PDGFR-,3 does not react with PDGF-AA).

To identify molecular bases for the differential expression
of PDGFR-a between VSMCfrom SHRand normotensive rats
strains, we determined the nucleotide sequence of the 5 '-flank-
ing region of the a receptor gene and found that the transcrip-
tional activity of the PDGFR-a promoter in SHRcells is sever-

alfold higher than that in WKYcells. By DNase I footprinting
and gel-shift assay, we have narrowed the cis-acting segment
responsible for the differential activity to a C/EBP binding site.
A gel-shift assay revealed that difference in members of the C/
EBP family in the nuclear extracts of SHRand WKYcells may
be involved in a mechanism that will account for the differential
expression of PDGFR-a between the hypertensive (SHR) and
normotensive (WKY and SD) rats strains.

PDGFisoforms are well-known mitogens. Therefore, the
autocrine secretion of PDGF-AA in VSMCwas expected to
stimulate the hyperplastic growth of VSMC. Both PDGFR-a
(which responds to PDGF-AAand -BB) and PDGFR-,B (spe-
cific receptor for PDGF-BB) are capable of mediating a mito-
genic response in certain cell types (22-25). However, Heldin
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relative luciferase activity*
10 15

pLuc-al

Figure 7. Primer extension anal-
ysis of the promoter-luciferase
fusion gene. The transcriptional
initiation site of the promoter-

luciferase fusion gene was

mapped by primer extension
analysis using a luciferase spe-

cific primer under the same con-

ditions as shown in Fig. 4. Lanes

C, T, A, and Gare sequence lad-

ders obtained from pLuc-a2
double-stranded template using
the same primer; lane 1, primer
extension with 20 ,g total RNA
of the transfected SHR-derived
VSMCwith pLuc-a2, and lane
2, primer extension with 20 pg
total RNAof the untransfected
SHR-derived VSMC. An arrow

indicates the transcription initia-
tion site of the promoter-lucifer-
ase fusion gene. This initiation
site corresponds to the proximal
transcription initiation site for
the wild-type of the PDGFR-a
gene (Fig. 4, lane 2, #1).

et al. (26) and Escobedo et al. (27) have shown that in fibro-
blasts, which express both PDGFR-a and -,p, the PDGF-AA
homodimer is considerably less potent a mitogen as compared
with the PDGF-BB homodimer or PDGF-AB heterodimer. We
have also observed that the action of PDGF-AA is limited to
the stimulation of protein synthesis in cultured VSMCwithout
an effect on DNAsynthesis and that this effect is seen only in
cultured VSMCfrom SHRbut not in those from WKY(9). In
our preliminary report (9), we proposed that the strain-depen-
dent vascular hypertrophic action (without hyperplastic action)
of PDGF-AA is presumably due to an increase in PDGFR-a
expression.

Competitive binding analysis (Fig. 2) showed that SHR-
derived VSMCexpressed both PDGFR-a and -,6 at high levels
(51,000 and 170,000 sites/cell, respectively), whereas PDGFR-
a was absent in VSMCfrom WKYthough PDGFR-,3 was

expressed (100,000 sites/cell). These observations are sup-
ported further by a higher level of PDGFR-a mRNAin SHR-
derived VSMCcompared with that in WKY-derived VSMCin
which it is almost absent (Fig. 3). These results strongly suggest
that there may be a difference in the transcriptional regulation of
the PDGFR-a gene between WKY- and SHR-derived VSMC.

To determine the molecular basis for the difference in the
transcription of the PDGFR-a gene between WKY- and SHR-
derived VSMC, we isolated and characterized a genomic clone
containing the 5'-flanking region of the rat PDGFR-a gene.
Recently, the 5'-flanking region of the PDGFR-a gene was

isolated from a mouse BALB/c-3T3 fibroblast genomic library
(28). Although the nucleotide sequence of its 5 '-flanking region
has not been published, major organizational features of the rat

pLuc-a2

pLuc-a3

pLuc-a4

pLuc-a5

pLuc-a6

pLuc-a7

Figure 8. Transcriptional activity in VSMCfrom the 5' deletions of
the PDGFR-a promoter region. The 5' deletions of the PDGFR-a pro-

moter were cotransfected with pSV f3-galactosidase control vector to
WKY- (z) and SHR-derived (m) VSMCusing the DEAE-dextran
method. Cell lysate was prepared 48 h after transfection and assayed
for luciferase and /3-galactosidase activities. After normalization for
transfection efficiency in reference to spectrophotometrically determined

3-galactosidase activity, the luciferase activity of pGLE alone was sub-
tracted from those of expression constructs containing 5' deletions.
Corrections were made individually for WKY- and SHR-derived
VSMC. Promoter activities thus corrected are presented as relative lucif-
erase activity in reference to the maximum activity observed in WKY-
derived VSMCthat was set as unity. The data are expressed as

means+SE of four separate assays.

PDGFR-a gene presented herein are in good accord with those
of the mouse PDGFR-a gene. Commonfeatures between mouse

and rat PDGFR-a genes are as follows: the first exon is very

short (169 bp in length for the rat), this exon encodes the
untranslated region of the message, and the translation initiation
codon is located in the second exon that is separated from the
first exon by a long intron.

We have determined the nucleotide sequence of the pro-

moter within 1.6 kb of the rat PDGFR-a gene (Fig. 5) and
have shown that this region contains several transcriptional reg-

ulatory elements, suggesting that it will be a functional promoter
of the PDGFR-a gene. The promoter-reporter assay demon-
strated that the promoter of the PDGFR-a gene was active only
in VSMCfrom SHRbut not in those from WKY(Fig. 8). This
promoter was also inactive in VSMCderived from another
normotensive rat strain, SD rats, that did not express the
PDGFR-a. The promoter structures (within 1.6 kb) obtained
from WKYand SHR genomic DNAs were identical to that
obtained from SD rats, including the length of the dinucleotide
repeats d(TG)30. These observations indicate that the promoter
of the PDGFR-a gene is regulated in a strain-specific manner

in VSMCand suggest that the strain-specific transcriptional
control may be due to differences in trans-acting nuclear fac-
tor(s) rather than in the structure of the PDGFR-a promoter
sequence. Moreover, this promoter showed a significant activity
(two- to threefold higher than that observed in VSMCfrom
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Figure 9. DNase I footprinting of the PDGFR-a
promoter using nuclear extracts from VSMCde-
rived from WKYand SHR. The probes cover se-
quences from -197 to -138 of the PDGFR-agene
promoter and are end labeled on the coding strand
at the polylinker site of XhoI or the noncoding
strand at the polylinker site of XbaI. Nuclear ex-
tracts were incubated with the probe for 30 min at
room temperature and then treated with 0.2 U of
DNase I for 1 min at room temperature. Reaction
products were resolved on a 7% polyacrylamide
sequencing gel before autoradiography. Lanes 1
and 5, 0 Ag; lanes 2 and 6, 5 Ag; lanes 3 and 7,
10 ug; lanes 4 and 8, 20 ug of nuclear extracts
obtained from quiescent VSMCderived from
WKY(lanes 1-4) and SHR(lanes 5-8). Lane G
+ A corresponds to the G + A reaction of the
Maxam-Gilbert sequencing technique (15). Se-
quences to the right represent the observed foot-
prints with numbers indicating their limits and
boxes indicate the enhancer core sequence for
C/EBP.

SHR) in the rat pheochromocytoma cell line, PC12W, which
expressed PDGFR-a at a very high level. This observation sug-
gests that the transcription of the PDGFR-a gene may be regu-
lated by a mechanism related to a tissue or cell-type specificity.

The subfragment from -1,635 to -1,381 bp showed a 60%
inhibition of the highest luciferase activity observed in pLuc-a2.
This region contains alternating purine-pyrimidine dinucleotide
repeats of the d(TG)n-type (29-31). The dinucleotide repeats
d(TG)n or d(CA)n (32) have been shown to exert a negative
effect on the transcription of the gene and also downregulate
the expression of promoter-reporter fusion gene. Therefore, the
distal sequence d(TG)30 may play a role in the inhibitory control
of PDGFR-a gene expression in VSMC. However, because no
polymorphic difference was found between SHRand WKY, it
should not be responsible for the strain-dependent differential
expression of PDGFR-a. On the other hand, the subfragment
from -246 to -139 bp enhanced (fivefold) the promoter activ-
ity only in SHR-derived VSMC(Fig. 8, pLuc-6a vs. pLuc-7a).
It suggests that this segment may be pivotal in the difference
of transcriptional regulation of the PDGFR-apromoter between
WKY- and SHR-derived VSMC. DNase I footprinting clearly
demonstrated that the sequence spanning -164 through -138
of this region, which contained an enhancer core sequence for
C/EBP overlapped with a binding site for NF-IL6, was pro-
tected by nuclear extracts obtained from both WKY-and SHR-
derived VSMC(Fig. 9). The binding activity of the nuclear
extracts from SHR-derived VSMCwas fourfold higher than
that from WKY-derived VSMC. These results indicate that the
binding site for C/EBP is actually used as a potential cis-acting

regulatory element in VSMC, and the total amounts of C/EBP
in the nuclear extracts from SHR-derived VSMCare fourfold
greater than those from WKY-derived VSMC.

C/EBP belongs to a family of the basic region-leucine zip-
per class regulatory proteins that enable homo- and heterodimer-
ization of C/EBPs (33). In mammalian species, C/EBP family
consists of at least five unique members, C/EBPa, C/EBPB3
(also known as LAP, LIP, CRP2, IL-6DBP, and NF-IL6), C/
EBP3 (NF-IL6,f), C/EBPy (Ig/EBP-1), and CHOP-10'
(GADD153) (34-43). Since all known members of C/EBP
family bind to similar consensus sequences T(T/G)NNG(C/
T)AA(T/G) (44) in vitro, gel-shift assay was performed to
characterize the nature of the binding activity seen in the foot-
printed region (Fig. 10). Nuclear extracts from WKY-derived
VSMCgenerated a single binding complex (B3), and the rela-
tive intensity of the B3 was almost equal to that observed in
nuclear extracts from SHR-derived VSMC. In contrast, two
additional binding complexes (B1 and B2) were observed in
nuclear extracts from SHR-derived VSMCbut not in those
from WKY-derived VSMC. These results suggest that C/EBP
members generating the B1 and B2 complexes may play an
important role in the differential transcription of the PDGFR-
a gene in WKY-and SHR-derived VSMC. Originally, C/EBP
was isolated from rat liver nuclei as a sequence-specific DNA-
binding protein with preference for binding to the CCAAT
boxes and to the enhancer region of several viral promoters (37,
45). High levels of C/EBP expression were found in terminally
differentiated cells, e.g., hepatocytes and adipocytes (46), and
it has been suggested that C/EBP plays a critical role in energy
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Figure 10. Gel-shift assay for C/EBP binding site of the PDGFR-a
promoter. A 28-bp double-stranded oligonucleotide containing an en-
hancer core sequence for C/EBP was end labeled and incubated with
2 ,g of nuclear extracts from WKY- (lanes 1-3) or SHR-VSMC(lanes
4-6). For the competition experiments, a 200-fold molar excess of
unlabeled oligonucleotides (lanes 2 and 5, C/EBP, and lanes 3 and 6,
CTF/NF-I) was added and incubated on ice for 15 min before adding
the labeled C/EBP probe. After incubation for 30 min at room tempera-
ture, reaction mixtures were resolved on a 4% polyacrylamide gel under
nondenaturing conditions at 40C in a low-ionic strength buffer before
autoradiography. The positions of specific DNA-protein complexes are
indicated as Bl, B2, and B3 and that of the free DNAprobe as Free.

metabolism, particularly in the synthesis and mobilization of
glycogen and fat (47-49). Most recently, C/EBP has been
identified as the adipocyte differentiation-related nuclear factor
that activates the transcription of tissue-specific genes during the
differentiation of 3T3-L1 cells (47, 50, 51). Our observations
presented herein also suggest that C/EBP is an important trans-
acting factor for the strain or cell-type specific transcription of
the PDGFR-a gene in VSMC. However, the C/EBP family
consists of multiple members that act as transcriptional activa-
tors (e.g., C/EBPa, LAP, C/EBP6, and C/EBPy) or transcrip-
tional inhibitors (e.g., LIP and CHOP-10) and may control
the transcriptional activity of the tissue-specific promoter by
complex mutually inactive mechanisms that have not yet been
clarified. Further studies will be needed to determine the de-
tailed mechanisms of strain or tissue-specific transcriptional
control in the PDGFR-a promoter.
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