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ABSTRACT

Platelet-derived growth factor (PDGF) has been implicated in the pathogenesis of arterial atherosclerosis and venous neointimal hyperplasia.
We examined the effects of PDGF isoforms on smooth muscle cells (SMCs) from arterial and venous origins in order to further understand the
differential responsiveness of these vasculatures to proliferative stimuli. Serum-starved human arterial and venous SMCs exhibited very
different proliferative responses to PDGF isoforms. Whereas, proliferation of arterial SMCs was strongly stimulated by PDGF-AA, venous
SMCs showed no proliferative response to PDGF-AA, but instead demonstrated a significantly greater proliferative response to PDGF-BB than
arterial SMCs. Part of this difference could be attributed to differences in PDGF receptors expression. There was a 2.5-fold higher (P < 0.05)
density of PDGF receptor-a (PDGF-Ra) and a 6.6-fold lower (P < 0.05) density of PDGF-RB expressed on arterial compared to venous SMCs.
Concomitant with an increased proliferative response to PDGF-AA in arterial SMCs was a marked PDGF-Ra activation, enhanced
phosphorylation of ERK1/2 and Akt, a transient activation of c-Jun NH2-terminal kinase (JNK), and a significant reduction in expression
of the cell-cycle inhibitor p275"P. This pattern of signaling pathway changes was not observed in venous SMCs. No phosphorylation of PDGF-
Ra was detected after venous SMC exposure to PDGF-AA, but there was enhanced phosphorylation of ERK1/2 and Akt in venous SMCs,
similar to that seen in the arterial SMCs. PDGF-BB stimulation of venous SMC resulted in PDGF-Rf3 activation as well as transactivation of
epidermal growth factor receptor (EGF-R); transactivation of EGF-R was not observed in arterial SMCs. These results may provide an
explanation for the differential susceptibility to proliferative vascular diseases of arteries and veins. J. Cell. Biochem. 112: 289-298, 2011.
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T he proliferative phenotype of artery and veins is different
from each other and appears to have clinically significant
consequences. Coronary artery bypass grafting with the autologous
saphenous vein or internal mammary artery is widely used to treat
atherosclerotic coronary artery disease. Graft failure due to stenosis
occurs much more frequently in saphenous vein grafts than internal
mammary artery grafts [Loop et al.,, 1986; Motwani and Topol,
1998]. Graft stenosis is most frequently caused by neointimal
hyperplasia, another type of wvascular proliferative disease.
Similarly, most neointimal hyperplasia occurs at the graft-venous

anastomosis of hemodialysis arteriovenous grafts, resulting in
60% graft loss in the first year [US Renal Data System, 2007].
In contrast, atherosclerosis occurs in arteries but rarely in veins
despite the exposure of both arteries and veins to the same systemic
risk factors such as smoking and dyslipidemia. While hemodynamic
and other local factors probably play a role in the different
susceptibilities to atherosclerosis and neointimal hyperplasia
between artery and veins, it is likely that the observed dissimilarities
can be at least partially explained by intrinsic phenotypic
differences between arterial and venous smooth muscle cells
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(SMCs). These phenotypic differences would include the activation
of different mitogenic signaling pathways.

Platelet-derived growth factor (PDGF) is the most potent SMC
mitogen released at the site of injury by platelets, endothelial cells,
SMCs, and many other cell types [Heldin and Westermark, 1999;
Raines, 2004]. The role for PDGF in the pathogenesis of arterial
injury disorders, including atherosclerosis and post-angioplasty
restenosis, has been well established. However, the effects of various
PDGF isoforms and the differences between arterial and venous
SMCs in their responses to these isoforms are largely unknown and
may explain the clinically observed differences between the arterial
and venous diseases. PDGF is a dimer composed of disulfide-linked
polypeptides termed A-chain and B-chain. At least three isoforms
(PDGF-AA, PDGF-AB, and PDGF-BB) are present in human platelets
in comparable quantities [Hart et al., 1990]. The PDGF-C and PDGF-
D chains were discovered more recently and their biology is not well
established [Li et al., 2000; Bergsten et al., 2001; LaRochelle et al.,
2001]. The role and expression of PDGF-C and PDGF-D in arteries
and in atherosclerotic lesions remain unclear. Recently, Karvinen
et al. [2009] reported that PDGF-C was strongly expressed in
endothelial cells in both normal arteries and atherosclerotic lesions
whereas PDGF-D was only weakly expressed in these cells. The
functions of PDGF-CC and PDGF-DD have been explored and
reviewed [Reigstad et al., 2005; Wagsater et al., 2009] and will not be
further discussed in this paper.

PDGF stimulates cell proliferation by binding to PDGF receptor o
(PDGF-Ra) or PDGF receptor B (PDGF-RB), causing receptor
dimerization and autophosphorylation. Previous studies have
demonstrated that PDGF-AA activates only aa receptor dimers,
PDGF-AB activates both aa and o3 receptor dimers, whereas PDGF-
BB activates aa, a3, and BB receptor dimers [Heldin et al., 1998].
Many studies have demonstrated the pathogenic roles of PDGF-AB,
PDGF-BB, and PDGF-RP in the formation of atherosclerotic and
neointimal hyperplasia lesions. However, their roles in the
pathogenesis of venous diseases and the roles of PDGF-AA and
PDGF-Ra in vascular disorders are largely unknown.

We have previously reported that the proliferation of human
venous SMCs was more responsive to PDGF-AB stimulation
compared to arterial SMCs [Li et al., 2006a]. In the present study,
we investigated the proliferative effects of PDGF-BB and PDGF-AA
on arterial and venous SMCs and identified differences in the
underlying signaling pathways that led to different responses to
these PDGF isoforms between arterial and venous SMCs. These
results provide unique insights into the molecular basis of the
varying susceptibility to proliferative disorders between arteries and
veins.

REAGENTS AND ANTIBODIES

All cell culture reagents were purchased from Cascade Biologics
(Portland, OR), except fetal calf serum (FCS), which was obtained
from Atlanta Biological (Lawrenceville, GA). Recombinant PDGF-
AA, -AB, -BB, phycoerythrin (PE)-conjugated monoclonal anti-
bodies directed against PDGF-Ra (FAB1264p) and PDGF-RB
(FAB1263p), and the human phospho-RTK array kit were purchased

from R&D Systems (Minneapolis, MN). Cell proliferation BrdU kits
were obtained from Amersham Biosciences (Pittsburgh, PA).
Antibodies directed against ERK1/2, phospho-ERK1/2, c-
Jun NH,-terminal kinase (JNK) 1/2/3, phospho-JNK1/2/3, p38,
phospho-p38, Akt, phospho-Akt (catalog #9102, #9101, #9252,
#9251, #9212, #9211, #9272, and #9271, respectively), and the cell-
cycle regulators, p21°P! (#2946) and p27*"P' (#3688), were obtained
from Cell Signaling Technologies (Beverly, MA). Goat anti-rabbit
and goat anti-mouse antibodies conjugated with horseradish
peroxidase were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Precast polyacrylamide gels, nitrocellulose membranes,
and Immun-Star HRP Chemiluminescent Kits were purchased from
Bio-Rad Laboratories (Hercules, CA). Complete Mini-Protease
Inhibitor Cocktail was obtained from Roche Applied Science
(Indianapolis, IN). The bicinchoninic acid (BCA) protein assay kit
was purchased from Pierce Chemical (Rockford, IL).

CELL CULTURE

Human arterial SMCs from four different donors and saphenous vein
SMCs from one donor were purchased from Cambrex Bio Science
(Chicago, IL). SMCs from saphenous veins were also isolated from
two patients undergoing coronary artery bypass grafting, using a
protocol approved by the Institutional Review Board at the
University of Utah. Saphenous vein SMCs were isolated after
manual removal of adventitial layers under a dissection microscope
and enzymatic digestion of endothelial cells. The SMCs were
identified by positive staining for smooth muscle a-actin.

All cells were cultured in a humidified 37°C incubator with
5% CO, in Medium 231, 10% fetal bovine serum (FBS) and Smooth
Muscle Growth Supplement (SMGS), supplemented with 5 pg/ml
insulin, 0.5 ng/ml human epidermal growth factor, 2 ng/ml human
basic fibroblast growth factor, 100 pg/ml streptomycin, 100 U/ml
penicillin G, and 0.25 pg/ml amphotericin B. For all experiments,
cells from passages 3-7 were used. Cells were grown to 70-80%
confluence in the complete medium described above and then
rendered quiescent by incubation with medium containing 0.5%
FBS and no additional growth factors. The cells were kept quiescent
for 48 h before the addition of PDGF isoforms.

ASSAY OF CELL PROLIFERATION IN RESPONSE TO VARIOUS PDGF

ISOFORMS

SMCs were seeded on 96-well tissue culture plates at a density of
5 x 10> cells/well. PDGF-AA, -AB or, -BB was added to the quiescent
cells at final concentrations of 0.1-100 ng/ml. DNA synthesis was
measured by 5-bromo-2’-deoxyuridine (BrdU) incorporation 48 h
after treatment. Briefly, after 48 h of incubation with PDGF, the BrdU
labeling solution was added to the cells and incubated for another
12-24 h. The culture medium was then removed. The cells were fixed
and the DNA denatured by the addition of fixative for 30 min at
room temperature. Subsequently, horseradish peroxidase-labeled
anti-BrdU monoclonal antibody was added and the plate incubated
atroom temperature for 90 min. The BrdU-antibody complexes were
detected by a colorimetric reaction with the substrate (3,3',5,5'-
tetramethylbenzidine). The optical density was read at 450 nm in a
microplate reader (Multiskan Ascent, Thermo Electron Corporation,
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San Jose, CA). All experiments were performed in triplicate wells
and repeated in separate experiments.

QUANTITATIVE FLOW CYTOMETRY FOR PDGF RECEPTORS

Arterial and venous SMCs cultured in complete medium were
stained with PE-conjugated anti-PDGF-Ra or anti-PDGF-Rp
monoclonal antibodies. The density of PDGF-Ra and PDGF-RB
on cell surfaces was quantified by flow cytometry and expressed as
antibodies bound per cell (ABC). Briefly, the cells were cultured to
80-90% confluence, detached with 0.5 mM EDTA (pH 8.0) in PBS,
and washed with PBS (supplemented with 0.5% BSA). Cells were
stained with PE-conjugated anti-PDGF-Ra or anti-PDGF-Rp
monoclonal antibodies for 30-45 min at 2-8°C. Cells were washed
again and 1-2 pl of 7-amino-actinomycin D was added to assess
viability. Cells were analyzed on a fluorescence-activated cell sorter
(FACS) cytometer using CellQuest software (Becton-Dickinson, San
Jose, CA). A QuantiBRITE PE Kit (BD Bioscience, Mississauga, ON,
Canada) was used to calibrate the FL2 channel and to estimate the
number of PE molecules bound per cell. By using the known ratio
(1:1) of PE molecules to antibodies, the number of anti-PDGF
antibodies bound per cell was calculated.

IMMUNOBLOTTING FOR ASSESSING SIGNALING PROTEIN
ACTIVATION IN RESPONSE TO PDGF

Quiescent arterial and venous SMCs were stimulated with 50 ng/ml
of PDGF-AA or PDGF-BB for 5min. After PDGF stimulation, the
cells were washed twice with ice-cold PBS and lysed using PBS
containing 150 mM NaCl, 10 mM HEPES, 0.6% NP-40, pH 7.9, and
one tablet of protease inhibitor cocktail per 10 ml of buffer that was
prepared immediately before use. The lysates were incubated on ice
for 30 min and then centrifuged at 10,0009 for 10 min. Protein
concentrations in the cell lysates were determined using the BCA
protein assay. The phosphorylation states of receptor tyrosine
kinases (RTKs) in the cell lysates were determined using a human
phospho-RTK array kit. The array consisted of 42 different anti-RTK
antibodies spotted in duplicate on nitrocellulose membranes. Cell
lysates were diluted and incubated with the array membrane at 4°C
overnight. After washing, the membrane was exposed to a pan-anti-
phospho-tyrosine antibody conjugated to horseradish peroxidase
(HRP). Phosphorylated tyrosines on activated receptors were
detected by chemiluminescence on an X-ray film. Phospho-RTK
array data were quantified using the ImageJ 1.41 software (http://
rsh.info.nih.gov/ij/).

In other experiments, quiescent arterial or venous SMCs were
stimulated with 50 ng/ml of PDGF-AA and PDGF-BB for 5 min (for
the assessment of MAPK and Akt activation), variable durations (2,
5, 10, 15, 30, and 60 min for the assessment of phospho-JNK1/2) and
48 h (for the assessment of p275*! and p21P"). The cell lysates were
prepared as described above. Protein concentrations in the cell
lysates were determined using the BCA protein assay. Equal amounts
of the sample protein were subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) on precast 4-20% gradient gels. Following
electrophoresis and transfer to nitrocellulose membranes, the blots
were probed with antibodies against specific signaling proteins. The
membranes were incubated with the primary antibody overnight at
4°C, followed by HRP-conjugated secondary antibody for 45 min at

room temperature. Chemiluminescence detection of the bound
antibody was performed according to the manufacturer’s instruc-
tions. Densitometry of the band on images was quantified using
the ImageJ 1.41 software.

STATISTICAL ANALYSIS
Results are reported as means 4 SD. Comparison between two
groups was performed using the two-tailed Student’s f-test as
implemented in Microsoft Excel. Statistically significant results
are defined as P < 0.05.

PDGF-STIMULATED CELL PROLIFERATION

Arterial SMCs and venous SMCs were separately incubated with
incremental concentrations of PDGF-AA, PDGF-AB, or PDGF-BB.
Consistent with our previous report [Li et al., 2006a], PDGF-AB
stimulated the proliferation of both arterial and venous SMCs
although the magnitude was greater in venous SMCs than in arterial
cells at maximal concentrations (50 and 100 ng/ml) of PDGF-AB
(Fig. 1B). Similar patterns were observed with PDGF-BB-stimulated
proliferation in arterial and venous SMCs (Fig. 1C). In contrast,
PDGF-AA significantly increased proliferation in arterial SMCs,
but had no effect on the proliferation of venous SMCs (Fig. 1A).

DENSITIES OF PDGF RECEPTOR ISOFORMS ON ARTERIAL AND
VENOUS SMCS

Arterial and venous SMCs cultured in complete medium were
stained with PE-conjugated anti-PDGF-Ra or anti-PDGF-Rp
monoclonal antibodies. The densities of PDGF-Ra and PDGF-R
on cell surfaces were quantified by flow cytometry. While both
cell types expressed PDGF-Ra, the expression was significantly
higher on arterial SMCs than on venous SMCs (9,914 + 4,262 vs.
3,915 =+ 1,764 molecules/cell; P < 0.05) (Fig. 2). In contrast, PDGF-
RB expression was significantly higher on venous SMCs than on
arterial SMCs (73,220 £ 29,320 vs. 11,090 + 5,478 molecules/cell;
P < 0.05). The densities of PDGF-Ra and PDGF-RB were similar on
arterial SMCs, but the density of PDGF-RB was much higher than
that of PDGF-Ra on venous SMCs.

ACTIVATION OF PDGF RECEPTORS

In arterial SMCs, PDGF-AA activated PDGF-Ra, as assessed by
receptor phosphorylation, but not PDGF-RB, while PDGF-BB
activated both PDGF-Ra and PDGF-RB (Fig. 3). In contrast,
PDGF-AA failed to activate PDGF-Ra after 5min exposure in
venous SMCs. This is consistent with the unresponsiveness of
venous SMC proliferation to PDGF-AA stimulation. The phosphor-
ylation of PDGF-Ra in response to PDGF-BB stimulation was
similar in arterial and venous SMCs (pixel density: 8,771 £ 2,178 vs.
7,888 +1,084; P>0.05). PDGF-RB activation by PDGF-BB,
however, was significantly higher in venous SMCs than in arterial
SMCs (pixel density: 46,328 + 10,533 vs. 21,511+ 2,751; P < 0.05)
(Fig. 3), in accordance with the higher PDGF-RB expression on
venous SMCs (Fig. 2).
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Fig. 1. PDGF-induced proliferation of arterial smooth muscle cells (ASMC,
open circles; n=6) and venous smooth muscle cells (VSMC, closed circles;
n=28), as assessed by the bromo-deoxyuridine incorporation assay. All three
PDGF isoforms significantly stimulated the proliferation of arterial SMC. In
contrast, PDGF-AA exerted no mitogenic effect on venous SMC (A), although
PDGF-AB (B), or PDGF-BB (C) stimulated greater DNA synthesis in venous
SMCs at high concentrations (50 and 100 ng/ml), compared to arterial SMCs.
*P<0.05, arterial SMCs compared to venous SMCs.

TRANSACTIVATION OF EGF RECEPTOR IN VENOUS SMCS BY
PDGF-BB

In addition to activating PDGF-Rs, PDGF-BB also caused activation
of the epidermal growth factor receptor (EGF-R) on venous SMCs. In
contrast, PDGF-BB did not activate EGF-R in arterial SMCs (Fig. 3).
PDGF-AA, which binds only to PDGF-Ra, did not transactivate
EGEF-R in either cell type.

ACTIVATION OF MAPK AND AKT PATHWAYS BY PDGF

In addition to differences in PDGF-R expression levels and
activation, differences in proliferative responses to PDGF might
also be due to differences in signal transduction pathways between
arterial and venous SMCs. Members of the mitogen-activated
protein kinase (MAPK) family and Akt have been shown to be
among the most critical signaling molecules for PDGF responses.
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Fig. 2. Expression of PDGF receptor isoforms (PDGF-Ra and PDGF-RB) on
arterial smooth muscle cells (ASMCs, open bars) and venous smooth muscle
cells (VSMCs, solid bars). Cells were cultured in full medium, without additional
growth factors. Receptors were quantified by flow cytometry. Each bar
represents the means +SD of four observations. The number of PDGF-Ra
receptors was similar to that of PDGF-RB receptors on arterial SMCs. The
number of PDGF-Ra receptors on venous SMCs was twofold lower (P < 0.05)
than that on arterial SMCs, while PDGF-RB expression on venous SMCs was
6.6-fold greater ("P< 0.05) than that on arterial SMCs.
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Fig. 3. Differential phosphorylation of PDGF receptors (PDGF-R) and EGF
receptors (EGF-R) in arterial smooth muscle cells (ASMCs) and venous SMCs
(VSMCs) in response to two PDGF isoforms. Cells were incubated for 5 min with
either PDGF-AA (50 pg/ml) or PDGF-BB (50 pg/ml), then lysed. The cell lysate
was subsequently subjected to analysis in duplicate in a phospho-RTK immu-
noblot array containing 42 RTKs. A: Representative image of a phospho-RTK
immunoblot array. The regions on the blot where various phospho-receptors
were visualized are indicated by arrows and specific receptor labels (phos-
phorylated PDGF-Ra labeled as p-PDGF-Ra, phosphorylated PDGF-RB labeled
as p-PDGF-R@, and phosphorylated EGF-R labeled as p-EGF-R). The unlabeled
dots shown in the four corners of each sub-panels in panel A are internal
controls. B: Means & SD of chemiluminescent signals (quantified as image
pixel density) from three separate phospho-RTK array experiments. The asterisk
indicates a statistically significant ("P< 0.05) difference between ASMC
versus VSMC. Phospho-PDGF-Ra increased in ASMC, but not in VSMC, in
response to PDGF-AA. PDGF-AA had no effect on phosphorylation of PDGF-Ra
or PDGF-RB in VSMC. Upon PDGF-BB stimulation, the phosphorylation of
PDGF-Ra increased to a similar degree in ASMC and VSMC. The increase in
phosphorylation of PDGF-RB was high in ASMC, but was even greater in
VSMCs (*P < 0.05). PDGF-BB transactivated EGF-R in VSMC but not in ASMC.
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The MAPK family includes extracellular signal-regulated kinases
(ERK1/2), c-Jun NH,-terminal kinases (JNK1/2/3), and p38 kinase.
We therefore compared the phosphorylation of ERK1/2, JNK1/2/3,
p38 and Akt in response to PDGF-AA, PDGF-AB, or PDGF-BB
between arterial and venous SMCs to determine if differences in
downstream signaling pathways might account for differences
in proliferation induced by the various PDGF isoforms.

After 5min of stimulation, PDGF-BB induced similar MAPK
(ERK1/2, JNK1/2/3, and p38) and Akt activation in arterial and
venous SMCs (Fig. 4). Although no phosphorylation of PDGF-Ra
was detected after venous SMC exposure to PDGF-AA (Fig. 3A),
enhanced phosphorylation of ERK1/2 and Akt in venous SMCs
was observed, which was similar to that seen in arterial SMCs
(Fig. 4). PDGF-AA, which only binds PDGF-Rq, activated JNK1 in
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Phosphorylation of proteins in the MAPK and Akt pathways in arterial smooth muscle cells (ASMC) and venous smooth muscle cells (VSMC) in response to various PDGF

isoforms. Cells were incubated for 5 min with either PDGF-AA (“AA", 50 p.g/ml), AB (“AB", 50 pg/ml), or PDGF-BB (“BB", 50 wg/ml), then lysed. The cell lysate was subsequently
subjected to SDS-PAGE and immunoblotting using the respective specific antibodies against the phosphorylated proteins. A: Representative blots from three separate
experiments are shown. “C" indicates control or unstimulated quiescent cells. B: Means + SD of chemiluminescent signals (quantified as image pixel density) from three
separate experiments. PDGF-AA increased the level of phosphorylated JNK1 (p-JNK1) in ASMC, but not in VSMC. Other than JNK-1, there were no substantial differences in the
levels of phosphorylated ERK1/2, p38, or Akt upon stimulation by PDGF-AA, PDGF-AB, or PDGF-BB between ASMC and VSMC. Phosphorylation of JNK 2/3 was not observed in

either cell type after any PDGF isoform treatment.
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arterial SMCs, but not in venous SMCs (Fig. 4). PDGF-AB and PDGF-
BB, which binds both PDGF-Ra and PDGF-R[3, induced similar JNK 1
phosphorylation in arterial and venous SMCs. JNK2/3 was not
activated in either cell type.

We also studied the time course of phosphorylation of JNK1/2/3
in response to PDGF-AA or PDGF-BB in both cell types. After PDGF-
AA stimulation, there was a transient activation of JNK1 at 5min
in arterial SMCs. In contrast, there was no JNK1/2/3 activation in
venous SMCs for up to 60 min (Fig. 5). With PDGF-BB stimulation,
phosphorylation of JNK1 was observed at 2 min and persisted for
at least 15 min in arterial SMCs. The phosphorylation of JNK1 was
also observed at 2 min in venous SMCs and persisted for up to 60 min
(Fig. 5). JNK2/3 was not activated in either cell type at any time
point examined.

REGULATION OF CYCLIN-DEPENDENT KINASE (CDK) INHIBITORS
(p27°""'/p21'"") BY PDGF

In addition to activation of MAPK pathways, the expression of
downstream regulators of cell proliferation, p27*! and p21°P!,
was studied. The protein level of p275"P!, a cyclin-dependent kinase
(CDK) inhibitor, in the lysate of quiescent arterial SMCs was
high, and was down-regulated at 48 h by the exposure of cells to
PDGF-AA, PDGF-AB, or PDGF-BB (Fig. 6). In contrast, the level of
p27"P! was high in quiescent venous SMCs and was down-regulated
at 48 h by PDGF-AB and PDGF-BB, but not by PDGF-AA (Fig. 6).
These results are consistent with the observation that PDGF-AA
effectively induced the proliferation of arterial SMCs, but not
venous SMCs (Fig. 1). In contrast to p27kip1, the protein level of
p219P! was similarly high in unstimulated control and arterial SMCs

treated with any of the three PDGF isoforms. In venous SMCs, the
expression of p21°P! was low in quiescent cells. Exposure of venous
SMCs to PDGF-AA did not change p21P! expression, but PDGF-AB
and PDGE-BB both up-regulated p21“P! expression (Fig. 6).

The clinical literature indicates that vein coronary bypass grafts are
more prone to neointimal hyperplasia than artery grafts. Similarly,
the vein-graft anastomosis is more prone to the development of
hyperplasia than the artery-graft anastomosis in hemodialysis AV
grafts. The development of rational therapies to prevent vascular
graft failure requires a better understanding of the molecular basis
for these differences between arteries and veins, which was the
major goal of the studies described herein. Because of the known
importance of PDGF in the pathogenesis of vascular hyperplasia
and our previous observations that PDGF isoforms have differential
effects on the proliferation in arterial and venous SMCs [Li et al.,
2006a], it seemed logical to explore differences in the PDGF
receptors and signal transduction pathways between the arterial
and venous SMCs.

A major finding of the present study is the different receptor
densities of PDGF-Ra and PDGF-R@ between arterial SMCs and
venous SMCs and how these differences might potentially explain
the differences in proliferative responses by these cells. These results
are consistent with and extend previous findings from other
laboratories. Yang et al. [1998] reported high PDGF-RE mRNA
expression in the internal mammary artery, saphenous vein and
aorta; in contrast, PDGF-Ra mRNA expression was low in all these
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Fig. 5. Time course of changes in phosphorylation of JNK1/2/3 in arterial smooth muscle cells (ASMC) and venous smooth muscle cells (VSMC) in response to two PDGF
isoforms. Cells were incubated for the indicated durations with either PDGF-AA (“AA", 50 w.g/ml) or PDGF-BB (“BB", 50 pg/ml), then lysed. The cell lysate was subsequently
subjected to SDS-PAGE and immunoblotting using a specific antibody against phosphorylated JNK (p46/p-JNK1 and p54/p-JNK2/3). A: Representative blots from three
separate experiments are shown. “C" indicates control or unstimulated quiescent cells. B: Means + SD of chemiluminescent signals (quantified as image pixel density) from
three separate experiments. PDGF-AA stimulated transient activation of JNK1 in ASMC, but not in VSMC. PDGF-BB stimulated JNK1 phosphorylation in both ASMC and VSMCs,
although the activation of JNK1 in VSMC was sustained longer than that in ASMC. There was no JNK2/3 phosphorylation observed in either ASMC or VSMC at any time point.
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Fig. 6. Protein expression of cell-cycle inhibitors, p27*%" and p21P" in arterial smooth muscle cells (ASMC) and venous smooth muscle cells (VSMC) in response to various
PDGF isoforms. Cells were incubated for 48 h with either PDGF-AA ("AA", 50 pg/ml) or PDGF-BB (“BB", 50 p.g/ml), then lysed. The cell lysate was subsequently subjected to
SDS-PAGE and immunoblotting using specific antibodies against either p27*" or p21°P, A: Representative blots from two separate experiments are shown. “C" indicates
control or unstimulated quiescent cells. B: Means + SD of chemiluminescent signals (quantified as image pixel density) from two separate experiments. Protein levels of p27*"
were high in quiescent ASMC and down-regulated by PDGF-AA, PDGF-AB, or PDGF-BB. Protein levels of p27“P' were also high in quiescent VSMC and down-regulated by
PDGF-AB or PDGF-BB, but not significantly affected by PDGF-AA. The level of p21P" expression was similar in the control and ASMC treated with various PDGF isoforms. In
VSMC, the expression of p21°P" was barely detectable in quiescent cells, which was not altered by PDGF-AA. However, p21'P" expression was increased substantially by PDGF-

AB and PDGF-BB in VSMC.

blood vessels. More recently, Weiss et al. [2007] demonstrated
that PDGF-Ra protein expression was higher in SMCs from the
internal mammary artery than SMCs from the saphenous vein, while
PDGF-Rp protein expression was lower in the arterial SMCs than
venous SMC. Both studies reported lower PDGF-Ra expression in
venous SMC compared to arterial SMC, but did not explore the
PDGF-Ra signaling pathways with regard to differences in PDGF
regulation of SMC proliferation. Using flow cytometry to measure
PDGF-Ra and PDGF-R in our study, we have extended these earlier
works by showing differences in surface expression of PDGFR-a and
PDGFR-B on primary cultured cells. We found that the density of
PDGF-Ra and PDGF-R were equivalent on the surface of arterial
SMCs. On venous SMCs, the density of PDGF-Ra was approximately
39% of that on arterial SMCs, while the density of PDGF-RB was
6.6-fold higher than that on arterial SMCs (Fig. 2). Importantly,
venous SMCs showed the higher PDGF-RB density (Fig. 2), which
coincided with a higher level of PDGF-RB activation (Fig. 3) and a
higher proliferation rate in response to PDGF-BB (Fig. 1), compared
to arterial SMCs.

A second important observation of the present study is the
ability of PDGF-BB to transactivate EGF-R, in addition to activating
PDGF-Ra and PDGF-RB, in venous SMCs (Fig. 3). In contrast, no
transactivation of EGF-R by PDGF-BB was observed in arterial
SMCs. The transactivation of EGF-R appears to be specific for PDGF-
BB, since PDGF-AA was devoid of this property in either arterial
or venous SMCs. EGF-R transactivation has been demonstrated
through other receptor tyrosine kinases, including PDGF-R [Hackel
et al., 1999]. PDGF-BB has been shown to stimulate the formation

of PDGF-RB/EGF-R heterodimers in rat aortic SMCs and disruption
of these heterodimers by antioxidants or a small molecule Src
inhibitor decreased ERK1/2 activation by PDGF-BB [Saito et al.,
2001]. These data suggest that PDGF-RB/EGF-R heterodimers
represent a novel signaling complex which likely plays an important
role in PDGF signal transduction in venous SMCs. In contrast, we did
not observe the transactivation of EGF-R by PDGF-BB in human
aortic SMCs (Fig. 3). The discrepancy between the previously
reported study and the present study might be due to species
differences (rat vs. human), or the different method used to detect
phosphorylated EGF-R or other factors. To the best of our
knowledge, the present study is the first to report a difference in
EGF-R transactivation by PDGF between arterial and venous SMCs.
These results are significant because this differential EGF-R
transactivation might contribute, at least in part, to the greater
proliferation induced by PDGF-BB in venous SMCs versus arterial
SMCs. Moreover, several small-molecule inhibitors of EGF-R kinase
activity are currently used to treat various forms of cancer and
might have clinical application to prevent venous SMC hyperplasia
in grafts.

A finding that has revealed important insight into PDGF signaling
in vascular SMCs is that PDGF-AA failed to induce venous SMC
proliferation, while significantly stimulating proliferation in arterial
SMCs (Fig. 1). Interestingly, venous SMCs were found to express
PDGF-Ra, although the expression was reduced approximately
twofold compared to arterial SMCs (Fig. 2). More importantly,
PDGF-AA stimulated phosphorylation of PDGF-Ra in arterial SMCs,
but not in venous SMCs (Fig. 3). There are at least two potential
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explanations for the ineffectiveness of PDGF-AA to significantly
activate PDGF-Ra in venous SMC. First, the relatively low number
of PDGF-Ra on venous SMC may reflect the lower intrinsic
autophosphorylation capacity. It is also conceivable that, in venous
SMC, the majority of PDGF-Ra is present as heterodimers with
PDGF-RB. Under these circumstances, PDGF-AA, which can activate
only PDGF-Ra homodimers, would autophosphorylate merely a
small fraction of PDGF-Ra. Second, the activation of PDGF-Ra
is rapid, yet weak, after PDGF-AA stimulation. Although we
observed phosphorylation of PDGF-Ra in venous SMC at 2 min after
PDGF-AA stimulation (data not shown), the level was barely
detectable. Thus, these differences in sensitivity towards PDGF-AA
might contribute to the higher propensity of the arterial wall to
undergo cellular proliferation, a crucial event in the pathogenesis of
atherosclerosis. This notion is compatible with previous studies
which suggested that the PDGF A-chain contributes to SMC
proliferation and the phenotype in arterial proliferative disease.
For example, Nilsson et al. [1985] showed that normal, growth-
arrested arterial SMC did not express PDGF A-chain mRNA, whereas
cultured arterial SMC and SMC in atherosclerotic plaques express
PDGF A-chain mRNA and secrete PDGF-AA protein. Kruppel-like
zinc-finger transcription factor 5 (KLF5) has been established as
a transcription factor that alters when arterial SMCs transform from
the contractile to the synthetic phenotype; as a result of stimulation
by angiotensin II, the PDGF A-chain is expressed [Shindo et al.,
2002]. PDGF-A mRNA was absent in non-transplanted hearts,
but a significant correlation was found between PDGF-A mRNA
up-regulation and the degree of arterial intimal thickening that
occurred in the rat heterotopic cardiac allograft [Hachida et al.,
1998]. More recently, Li et al. [2006b] reported that stent-based
delivery of an antisense oligodeoxynucleotide targeting the PDGF-A
chain effectively inhibited neointimal formation after stent implanta-
tion in the porcine coronary artery. Blockade of PDGF-Ra reduced
intimal SMC accumulation in rat models of transplant arteriosclerosis
[Hachida et al., 1999]. Collectively, these studies strongly suggest that
PDGF-AA and PDGF-Ra play an important role in arterial injury
disorders and thus represent potential targets for therapies to prevent
arterial SMC hyperplasia. In contrast, our results in venous SMCs
suggest that therapies targeting PDGF-AA and the PDGF-Ra are
unlikely to be useful in treating SMC hyperplasia in veins.
PDGF-AA induced the phosphorylation of ERK1/2 and Akt,
similar to that seen in arterial SMCs (Fig. 4). The similar activation
of these important mitogenic pathways in both cell types was
unexpected, since PDGF-AA failed to significantly activate PDGF-
Ra or induce proliferation in venous SMCs. Therefore, lysates from
venous SMCs exposed to PDGF-AA were screened using the
phospho-tyrosine kinase array. The results of these experiments
showed no enhancements in phosphorylation of any of the 42
receptor tyrosine kinases (Fig. 3). Thus, it is unclear through which
receptor the ERK1/2 and Akt downstream signaling pathways were
activated in response to PDGF-AA in venous SMCs. Interestingly,
exposure of venous SMCs to PDGF-BB, which stimulated robust
proliferation in these cells (Fig. 1), caused essentially the same
degree of activation of ERK1/2 and Akt as did PDGF-AA (Fig. 4).
Thus, it appears that in venous SMCs, activation of the ERK1/2
and Akt pathways is not sufficient to stimulate a proliferative

response. These data are consistent with other reports in different
cell types. Sachinidis et al. [1993] reported that PDGF-AB and
PDGF-BB stimulated a marked DNA synthesis whereas PDGF-AA
induced only a slight increase of DNA synthesis in rat aortic SMC.
PDGF-AB and PDGF-BB caused a strong stimulation of PDGF
receptors autophosphorylation, whereas the effect of PDGF-AA
was undetectable. Nonetheless, all three PDGF isoforms induced
equivalent amounts of the early growth response genes, such as
c-fos, egr-1, and c-myc mRNA. The authors concluded that the
induction of early response genes in rat SMC by PDGF-AA is not
sufficient to stimulate DNA synthesis. It was further speculated
that little to no receptor phosphorylation is required to link receptor
activation to the induction of c-fos, egr-1, and c-myc. Choudhury
et al. [2000] demonstrated that all three PDGF isoforms (PDGF-AA,
PDGF-AB, and PDGF-BB) stimulated PLCy1 and PI 3 kinase in
glomerular mesangial cells. However, PDGF-AA did not induce DNA
synthesis or migration of mesangial cell even with a subsequent
increase in PLC and PI 3 kinase activation. These previous reports,
along with the data presented herein, suggest that transient,
low degree of PDGFR-a phosphorylation in venous SMC can induce
marked phosphorylation of ERK1/2 and Akt, but this level of
activation is not sufficient to elicit cell proliferation.

One potentially important difference between PDGF-AA stimula-
tion of venous and arterial SMCs that might account for the different
proliferative responses is activation of the JNK1 pathway. Unlike
arterial cells, PDGF-AA failed to significantly stimulate the
phosphorylation of JNK1 in venous SMCs (Fig. 4). Thus, activation
of JNK1, either alone or in combination with the ERK1/2 and
Akt pathways, may be required to elicit a proliferative response
to PDGF-AA. While the JNK pathway has been shown to
play an important role in apoptosis, its association with other
cellular process and pathologic conditions has only recently been
recognized. Celada and co-workers demonstrated that JNK1, but
not JNK2, played a predominant role in the induction of pro-
inflammatory mediators in response to lipopolysaccharide and
tumor necrosis factor-a in macrophages [Sanchez-Tillo et al., 2007].
Work by Yu et al. [2000] revealed that, in NIH3T3 cells, JNK1 was
activated downstream of PDGFR-a but not PDGFR-B and that
inhibition of JNK1 activity using a dominant-negative JNK1 mutant
markedly enhanced PDGF-BB-mediated cell growth. The same
group further showed that the PDGFR-o/JNK1 pathway is critical
for PDGF-mediated apoptosis as well as PDGF-induced expression
of p21 in NIH3T3 cells [Yu et al., 2003]. Both studies suggest
that PDGFR-a may have an antagonistic function for PDGFR-(3
signaling. To the best of our knowledge, the present study was the
first one that investigated the role of PDGFR-a/JNK1 pathways in
venous SMC. This observation is important, since the loss of PDGFR-
a-induced negative signaling in venous SMC may contribute to
the greater proliferation induced by PDGF-BB in venous SMCs
versus arterial SMCs. This hypothesis needs further confirmation.

Regulation of the cell cycle is also a crucial component of cellular
responses to mitogens. Progress through the cell cycle, and
subsequently cell proliferation, is inhibited by the cyclin-dependent
kinase (CDK)-2 inhibitor, p27kip1. PDGF-AA down-regulated the
protein expression of p27*®' in arterial SMCs (Fig. 6). In contrast,
the protein level of p27*"P! was unchanged in the presence of PDGF-
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AA in venous SMCs, compared with unstimulated cells. The lack
of an effect of PDGF-AA on p275*! correlated with the inability of
PDGF-AA to stimulate venous SMC proliferation (Fig. 1), suggesting
that p27"P! plays a dominant role relative to ERK1/2 and Akt
pathways in regulating venous SMC proliferation. The protein levels
of another CDK inhibitor, leCipl, remained unchanged in arterial
SMCs after exposure to any PDGF isoform. In contrast, p21P" levels
markedly increased in venous SMC in response to PDGF-AB and
PDGF-BB. This paradoxical effect is likely due to the more complex
role of p21%P! in cell cycle progression compared to p27%P!.
Increased levels of p21Cipl have been associated with increased,
as well as decreased, DNA synthesis [Okamoto et al., 2004]. Since
an increase in venous SMC proliferation occurred despite a
significant increase in p21“P' levels in response to PDGF-AB or
PDGF-BB (Fig. 6), it is reasonable to postulate that the cell cycle
inhibitory activity of p21<P! was insufficient to overcome the pro-
proliferative activities of other cell-cycle regulatory proteins.
An important concluding observation from these findings is that
the signaling pathways regulating proliferation in venous and
arterial SMC respond very differently to the same mitogens, and that
this probably contributes to the different hyperplastic responses
seen in different vascular beds exposed to similar mitogenic stimuli.

In summary, venous SMCs are inherently more proliferative in
response to PDGF-BB than arterial SMC, and this difference is likely
due to the greater PDGF-RB expression and transactivation of EGF-
R by PDGF-BB in venous SMC. On the other hand, arterial SMCs,
but not venous SMCs, responded to the pro-proliferative effects
of PDGF-AA, presumably via activation of the PDGF-Ra/JNK1/
p27%P! pathway. To the best of our knowledge, this is the first
detailed comparison of PDGF-Ra signaling pathways in response
to PDGF-AA stimulation between arterial and venous SMCs. These
findings provide a plausible molecular basis for the varying
susceptibility between arteries and veins to different proliferative
vascular diseases. Understanding these differences in molecular
mechanisms would facilitate the development of specific pharma-
cologic strategies that may selectively inhibit arterial or venous
SMC proliferation.
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