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VSMC proliferation plays a key role in atherosclerosis, but the role of XPD in VSMC proliferation remains un-
known. We investigated the expression of XPD, which is involved in cell cycle regulation, and its role in VSMC
proliferation response to atherogenic stimuli.

Human umbilical vein VSMCs were transfected with recombinant plasmid pEGFP-N2/XPD and pEGFP-N2 and
incubated with PDGF-BB in vitro. Cell viability was determined by MTT assay. The expressions of XPD, GSK3p,
p-GSK3B, CDK4, and cyclin D1 protein were detected by Western blot analysis. Cell cycle was examined by flow
cytometry.

PDGF inhibited the expression of XPD in VSMCs and promoted VSMC proliferation. Overexpression of XPD sig-
nificantly augmented cell cycle arrest, and attenuated protein expression levels of CDK4 and cyclin D1 in VSMCs.
XPD overexpression suppressed the effects of PDGF-BB in promoting G1/S transition and accelerating protein
expression levels of CDK4 and cyclin D1. XPD diminished the phosphorylation of GSK3f, and SB216763 inhib-
ited the reduction effect of XPD on CDK4 and cyclin D1.

XPD induces VSMC cell cycle arrest, and the activation of GSK3[ plays a crucial role in inhibitory effect of XPD
on VSMC proliferation.
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Background

The generation of atherosclerosis results from complex inter-
actions of atherogenic stimuli such as oxidized phospholip-
ids, inflammatory factors, and growth factors, and various cell
types in the vessel wall, including endothelial cells, lympho-
cytes, monocytes, and smooth muscle cells [1]. Recent stud-
ies revealed the important role of vascular smooth muscle
cells (VSMCs) in the initiation and progression of atheroscle-
rotic plaque [2,3]. At the early stage of atherosclerosis, VSMCs
that have switched phenotype induced by atherogenic stimu-
li after vascular endothelial injury migrate into the neointima
and secrete extracellular matrix, which is critically involved in
neointima formation and development [4]. In addition, aug-
mented VSMC proliferation plays a key role in intimal hyper-
plasia, a common pathological characteristic in atherosclero-
sis and restenosis after angioplasty [5]. Therefore, identifying
the regulatory factors of VSMC proliferation may facilitate the
development of therapies for preventing intimal thickening.

There is increasing evidence of DNA damage accumulation in
the development of atherosclerosis. Atherogenic risk factors,
such as age, smoking, hypertension, hypercholesterolemia, and
diabetes, can induce DNA damage by action of reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS) [6,7].
The DNA damage response (DDR) pathway can be activat-
ed to ensure genetic stability when DNA damage is detected.
There are 4 main DDR pathways in mammals: nucleotide ex-
cision repair (NER), base excision repair (BER), double-strand
break repair (DSB repair), and mismatch repair (MMR) [8,9].

Transcription factor Il H (TFIIH) plays a crucial role in eukaryot-
ic transcription initiation and in the NER pathway. It could be
divided to 2 main groups: the core- TFIIH consists of XPB, p52,
p8, p62, p44, and p34, and the cyclin-dependent kinase (CDK)-
activating kinase (CAK) subunit complex contains CDK7, cyclin
H, and MAT1 [10]. Xeroderma pigmentosum group D (XPD) is
an important component of DNA repair factor (TFIIH), which
bridges the 2 groups. Multiple studies have demonstrated that
XPD can modulate cellular proliferation [11,12], while the ef-
fects of XPD in cultured VSMCs remain largely uncharacter-
ized. The role of XPD in VSMC proliferation and whether XPD
is affected in VSMCs treated with atherogenic stimuli remain
unknown. Therefore, we investigate the role of XPD in prolif-
eration of VSMCs induced by PDGF-BB in vitro.

Material and Methods

Cell culture

Human umbilical vein VSMCs (Guangzhou Jenniobio
Biotechnology Co., Ltd.) were maintained in RPMI-1640 (Hyclone,
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USA) supplemented with 12% FBS (Biological Industries, Israel)
in a humidified incubator with 5% CO, at 37°C. Cells were sub-
cultured when 80% synchronized and passages between 5 and
7 were seeded in 6-well plates, unless otherwise stressed, with
an appropriate density.

Cell viability assay

Cell viability was determined by MTT assay. Human umbil-
ical vein VSMCs were seeded in 96-well plates at a density
of 5x10* cells/well. After PDGF-BB (RayBiotech, USA) incuba-
tion, the cells were washed twice with PBS, followed by incu-
bation with 25 ul of MTT (Sigma, USA) at 37C for 4 h in the
dark. Subsequently, 150 ml of DMSO (Sigma, USA) was add-
ed to dissolve MTT crystals. The absorbance was measured in
a microplate reader at 490 nm (Bio-Rad 680, USA).

Plasmid transfection

Plasmid was constructed by Jiangxi Provincial Key Laboratory
of Molecular Medicine as described previously [12]. VSMCs
were seeded in 6-well plates at a density of 5x10* cells/well in
growth medium without antibiotics. When cells were attached
to the wall, the medium was replaced by serum-free medium.
One hour later, the cells were transfected with pEGFP-N2 or
pEGFP-N2/XPD mixed with cationic lipid by Lipofectamine™
2000 Transfection Reagent (Invitrogen) following the manu-
facturer’s guidelines. The expression of GFP was observed un-
der a fluorescence microscope (Nikon). The expression levels
of XPD in the cells with or without XPD transfected were de-
termined by Western blot analysis.

Cell cycle analysis

Cells were seeded in 25-cm? flasks and then pre-incubated in
RPMI-1640 supplemented with 0.2% FBS for 24 h, which in-
duced cell cycle synchronization. Cells were harvested using
EDTA-free trypsin, washed twice with ice-cold PBS, fixed, and
permeabilized with ice-cold 70% ethanol. The cells were treat-
ed with 50 pg/ml Pl in the dark at 4°C for 30 min. The pro-
cesses cells were analyzed by a flow cytometer (FACSCalibur,
Beckton Dickinson, USA).

Western blot analysis

After treatment, VSMCs were lysed in lysis buffer (62.5 mMTris-
HCl, pH %6.8, 2% SDS, 25% glycerol, 0.01% bromchlorphenol
blue, 5% b-mercaptoethanol) on ice and centrifuged at 12 000 g
for 15 min at 4°C. The lysates were resolved on SDS-PAGE (10%
resolving, 5% stacking) before transfer onto polyvinylidene fluo-
ride membranes (Millipore, USA). The membranes were blocked
in 5% skim milk followed by incubation with primary antibod-
ies (XPD 1: 1000, CDK4 1: 500, cyclin D1 1: 1000, p- GSK3p
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Figure 1. Cell viability was evaluated by MTT assay. (A) The cell viability increased in a dose-dependent manner within the
concentration of PDGF-BB at 10 ng/ml, 30 ng/ml, and 80 ng/ml. (B) The cell viability increased in a time-dependent manner
within 0 h, 8 h, 16 h, 24 h, 32 h, 40 h, and 48 h of incubation time.

XPD W —
B-actin ---‘ — -- 43KD

— . s e 80KD

Control ~ 8h 16h  24h  32h  40h  48h
PDGF-BB incubation

B 0.6
—
0.4
=
&
S
0.2
0.0 T
Control ~ 8h 16h  24h  32h  40h  48h
PDGF-BB incubation

Figure 2. XPD protein expression levels in HUVSMCs in response to PDGF-BB. * P<0.01 vs. control group, # P<0.01 vs. PDGF treatment

24-h group.

1: 1000, GSK3p 1: 1000, B-actin 1: 1000, Tubulin 1: 1000) at
4°C overnight. Membranes were then incubated with peroxi-
dase-conjugated goat anti-rabbit or -mouse IgG (1: 5000) for
2 h at room temperature. The signals were visualized with the
ECL detection system. Quantification of protein bands was an-
alyzed by Quantity One software (Bio-Rad, USA).

Statistical analysis

Results are expressed as means # standard deviation (SD). Each
experiment was replicated 3 times. Statistical differences be-
tween groups were assessed by one-way ANOVA followed by
the Student-Newman-Keul post hoc test, as applicable. A val-
ue of p<0.05 was considered significant.

Results

Optimization of the concentration of PDGF-BB and
incubation time

MTT assay results showed that the cell viability was increased in
a dose-dependent manner within the concentration of PDGF-BB
at 10 ng/ml, 30 ng/ml, and 80 ng/ml (Figure 1A), and also in-
creased in a time-dependent manner within 0 h, 8 h, 16 h, 24 h,
32 h, 40 h, and 48 h of incubation time (Figure 1B). Therefore,
the concentration of PDGF-BB at 30 ng/ml via an additional
24-h incubation was chosen for the subsequent experiments.

XPD protein expression levels in HUVSMCs exposed to
PDGF-BB

Western blot analysis showed that the expression of XPD pro-
tein decreased in a time-dependent manner with PDGF-BB in-
cubation and reached the low point at 24 h and 32 h (Figure 2).
Compared with the PDGF treatment 24 h group, XPD expression
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Figure 3. GFP in VSMCs was observed under a fluorescence microscope.

was higher in HUVSMCs with 48-h PDGF-BB incubation.
The relationship between the expression of XPD protein and
time is a “u” curve. Therefore, 24 h of PDGF-BB was selected
to investigate the role of XPD in PDGF-BB-induced HUVSMC
proliferation in subsequent experiments.

Overexpression of XPD inhibited HUVSMC proliferation
induced by PDGF-BB

MTT assay showed a significant increase of cell viability in
HUVSMCs exposed to PDGF-BB for 24 h while the expression
of XPD protein reached the low point. To examine wheth-
er XPD would lead to cell cycle arrest, HUVSMCs were trans-
fected with recombinant plasmid pEGFP-N2/XPD, followed by
PDGF-BB incubation for 24 h. Then, cell cycle was detected by
flow cytometry.

The expression of GFP was observed under a fluorescence mi-
croscope (Figure 3) at 24 h after transfection. XPD protein lev-
el in the pEGFP-N2/XPD group was significantly higher than
in the control group(P<0.01) (Figure 4A, 4B), which suggests
that XPD protein level in the pEGFP-N2/XPD group was over-
expressed. As shown in Table 1, flow cytometry results indi-
cated that overexpression of XPD increased the number of
cells blocked in G1 phase (P<0.01), decreased number of cells
blocked in S phase (P<0.05), and inhibited PDGF-BB, promot-
ing G1/S progression (Figure 4C).

The influence on CDK4 and cyclin D1 expression in VSMCs
with XPD overexpression and PDGF-BB exposure

To test whether XPD expression is linked with HUVSMC pro-
liferation, CDK4 and cyclin D1, which were associated with
the G1 phase of the cell cycle, were detected by Western blot.
Results showed XPD overexpression suppressed the protein
expression of CDK4 (0.20+0.01, vs. 0.54+0.03, P<0.01 vs. con-
trol group) and cyclin D1 (0.22+0.02 vs. 0.29+0.01, P<0.01

vs. control group). Pretreatment with pEGFP-N2/XPD inhibit-
ed the accelerating effect of PDGF-BB on protein expression
of CDK4 (0.46+0.02 vs. 0.80+0.03, P<0.01 vs. PDGF-BB group)
and cyclin D1 (0.23+0.01 vs. 0.51+0.02, P<0.01 vs. PDGF-BB
group) in VSMCs (Figure 5). These results suggest XPD can
regulate cell proliferation by suppressing the expression of
CDK4 and cyclin D1.

GSK3[3 mediates the inhibitory effects of XPD on VSMC
proliferation induced by PDGF-BB

To identify the relationship between XPD and cyclin D1,
we investigated protein expression levels of GSK3f and
p-GSK3b(Ser9). Results showed that XPD overexpression de-
creased the expression of p-GSK3p (0.11+0.02 vs. 0.33+0.02,
P<0.01 vs. control group), and upregulating XPD inhibited the
accelerating effect of PDGF-BB on p-GSK3f (0.17+0.005 vs.
0.62+0.01, P<0.01 vs. PDGF-BB group) (Figure 6A). However,
there was no significant difference in GSK3[ expression among
all groups (Figure 6A). These results suggest that XPD in-
creased the activity of GSK3p by diminishing the phosphory-
lation of GSK3p. In order to define the critical role of GSK3 in
the inhibitive function of XPD on VSMC growth, VSMCs were
treated with the GSK3p inhibitor SB216763 for 24 h after
transfection with pEGFP-N2/XPD. Results revealed SB216763
inhibited the reduction effect of XPD on CDK4 (0.28+0.01 vs.
0.16+0.01, P<0.01 vs. pEGFP-N2/XPD group) and cyclin D1
(0.22+0.01 vs. 0.16+0.01, P<0.01 vs. pEGFP-N2/XPD group) in
VSMCs (Figure 6B).

Discussion

It is well known that VSMC abnormal proliferation plays a cru-
cial role in intimal thickening [13,14]. A common factor in the
inappropriate VSMC proliferation is phosphorylation of proteins
through activation of MAPK, AKT, and ERK pathways [15-17].
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Figure 4. Overexpression of XPD inhibited HUVSMC proliferation induced by PDGF-BB. (A, B) After plasmid transfection, XPD protein
expression level was detected by Western blot analysis. a. control group, b. pEGFP-N2 group, ¢. pEGFP-N2/XPD. * P<0.01. (C)

Flow cytometry analysis of each group.

Table 1. The cell cycle distribution of each group.

Groups G, (%) S (%) G, (%)
Control group 54.28+0.77 24.78+0.68 20.9440.25
""""" PEGFP-N2group  5431s065  2467:044  2102:031
""""" PEGFP-N2/XPDgroup  6231x126° 21281034 1641:115
""""" PDGF-BBgroup  4808+178°  3155:038" 20701045
""""" PDGF-BB + pEGFP-N2group 51055059 26933043 2203:063
""""" PDGF-BB + pEGFP-N2/XPD group 58184042 2103:090* 2078:130

* P<0.01 vs. control group, ** P<0.05 vs. control group, * P<0.01 vs. PDGF-BB group.
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Figure 5. The influence of protein expression of CDK4 and cyclin D1 in HUVSMCs with XPD overexpression and PDGF-BB incubation.

* P<0.01.

Hypersecretion of PDGF has been associated with VSMC pro-
liferation in atherogenesis [18]. PDGF stimulation can enhance
the expression of CDK4 and cyclin D1 [19-21], which has been
confirmed by our study (Figure 4).

XPD, a DNA helicase with 5’-3’ polarity, also participate in reg-
ulation of the cell cycle. XPD negatively regulates the cell cycle
function of CDK7, while the downregulation of XPD resulted
in increased cell proliferation [11]. In vitro, XPD contributes to
accelerating cell apoptosis by increasing the expression of p53
and decreasing the expression of c-Myc and CDK2 [12]. To bet-
ter understand XPD’s role in VSMC proliferation, we investigat-
ed the cellular effects of XPD in VSMCs incubated with PDGF
in vitro. We observed a time-dependent increase of cell viabili-
ty in VSMCs incubated with PDGF in vitro, accompanied by de-
creasing effect of XPD. The results indicated that XPD serves
as a cell proliferation inhibitor in VSMCs. However, compared
with the PDGF treatment 24-h group, XPD expression was high-
er but cell viability has no significant difference in VSMCs ex-
posed to PDGF for 48 h, suggesting the presence of additional
mechanisms in VSMC proliferation in response to atherogenic
stimuli [20] and the activation of DDR pathways [22,23]. XPD is
required in the NER pathway to acquire genome integrity [24].
It has been reported that XPD is localized in mitochondria, and

cells under oxidative stress have shown an enhanced aggre-
gation of XPD into mitochondria [25].

The cell cycle is a highly regulated cell progression that leads
to controlled cell division. Cells first prepare for DNA synthesis
(G1 phase), replicate their DNA (S phase), prepare for mitosis
(G2 phase), and undergo mitosis (M phase). Specific proteins
serve as door guards at every phase to prevent cells from ear-
ly entrance into the next stage of the cell cycle [26,27]. Cyclin
D1 is a regulatory subunit of CDKs that regulates the G1-to-S
cell cycle transition [28]. Many studies have shown that cy-
clin D1 activates CDK4 and CDK6 and drives cell cycle progres-
sion [29]. The cyclin D1-CDK4 complex facilitates G1/S transi-
tion [30]. A recent study has shown that CDK7 activates CDK4
to regulate G1 progression [31]. XPD decreases the activity of
CDK?7, which is an important stimulator of CDKs, thus sup-
pressing cell proliferation [32]. Li reported that XPD dynam-
ically localizes Cdk7/CAK to and away from subcellular sub-
strates, thereby regulating cell proliferation, proving that the
function of XPD in cell cycle regulation is independent of tran-
scription or NER [33]. Accordingly, we supposed that the exog-
enous XPD may inhibit inappropriate proliferation of VSMCs.
Our results showed XPD overexpression significantly aug-
mented cell cycle arrest and attenuated CDK4 and cyclin D1
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Figure 6. GSK3f mediated the inhibitory effects of XPD on HUVSMC proliferation induced by PDGF-BB. * P<0.01 (A) The influence on
p-GSK3f and GSK3f in HUVSMCs with XPD overexpression and PDGF-BB exposure. (B) SB216763 inhibited the reduction

effect of XPD on CDK4 and cyclin D1.

in VSMCs. Transfection of pEGFP-N2/XPD prior to PDGF incu-
bation significantly suppressed G1/S transition and attenuat-
ed CDK4 and cyclin D1 in VSMCs with PDGF treatment. These
results are consistent with previous studies reporting that
CDK4 activation is prevented by CDK7 inhibition [34]. Cyclin
D1/CDK4 complexes phosphorylate retinoblastoma 1(RB1),
which releases E2F proteins, leading to the transactivation of
genes required for the G1/S transition [35].
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The signaling mechanism underlying the inhibitory effects of
XPD on VSMC proliferation remain uncharacterized. GSK3f3
is a multifunctional serine/threonine kinase and is associat-
ed with many cell processes, including cell proliferation, cell
differentiation, cell migration, and the regulation of multiple
transcription [36,37]. Phosphorylated GSK-3p participate in
mPTP opening during ischemia [36]. GSK3B can be modulat-
ed by signal transduction pathways involved in cell process-
es, such as PKA, PKB, PKC, PKG, PI3K, and ERK1/2, leading to
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orderly cellular functions. It is inactivated by the phosphory-
lation of Ser9 [38,39]. PICART1, a novel p53-inducible tumor-
suppressor IncRNA, suppressed cell proliferation through the
AKT/GSK3p/B-catenin signaling cascade [40]. Wang reported
that XPD contributes to accelerating cell apoptosis by increas-
ing the expression of p53 [12]. In vitro, silencing of XPD led
increased c-Myc expression [41]. It has been reported that c-
Myc accelerates the expression of CDK4 and cyclin D1, and
thus promotes G1/S transition [41,42]. GSK3p also can trig-
ger the degradation of c-Myc by phosphorylating the specific
site Thr58 [38]. Accordingly, we hypothesized that XPD regu-
lates VSMC proliferation through activating GSK3p. Our results
showed that XPD diminished the phosphorylation of GSK3p,
while the GSK3p inhibitor SB216763 inhibited the reduction
effect of XPD on CDK4 and cyclin D1. These results suggest the
activation of GSK3p is critical in the interaction. It would be
of interest to elucidate the underlying mechanisms by which
XPD induces cell cycle arrest by decreasing the phosphoryla-
tion of GSK3p.
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Conclusions

XPD participates in the regulation of VSMC proliferation.
XPD induces VSMC cell cycle arrest, and the activation of
GSK3p plays a crucial role in the inhibitory effect of XPD on
VSMC proliferation.

Limitations

There are several limitations to this study. One is that we only
studied an in vitro cell model. Although we showed that the in-
hibitory effect of XPD on VSMC proliferation may be mediated
by GSK3p, we did not examine the molecular mechanism(s) by
which XPD affects the phosphorylation of GSK3.
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