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Knockdown of USP14 inhibits PDGF-BB-induced
vascular smooth muscle cell dedifferentiation via
inhibiting mTOR/P70S6K signaling pathway

Hongbin Liu,? Xiaoliang Li,* Guobei Yan {*? and Ruihua Lun®

Atherosclerosis is a chronic progressive cardiovascular disease, which may result in many clinical
consequences. Ubiquitin-specific protease 14 (USP14), a member of the USP family, has been found to
be involved in cardiovascular disease. In the present study, we aimed to explore the role of USP14 in
atherosclerosis. The results showed that USP14 expression was markedly increased in atherosclerotic
tissues as compared to control tissues. Then we next examined the role of USP14 in primary human
aortic smooth muscle cells (HASMCs) in response to PDGF-BB stimulation. The results demonstrated
that PDGF-BB induced the USP14 expression in a dose- and time-dependent manner. Knockdown of
USP14 in HASMCs suppressed PDGF-BB-induced proliferation and migration of HASMCs. The
expressions of VSMCs markers including a-SMA, calponin and SM-MHC were markedly increased by
knockdown of USP14, indicating that USP14 knockdown suppressed phenotypic modulation of HASMCs.
However, USP14 overexpression exhibited the opposite effects. Furthermore, PDGF-BB-induced
phosphorylation of mTOR and P70S6K in HASMCs was prevented by knockdown of USP14. In addition,
MHY-1485, an activator of mTOR signaling, reversed the effects of USP14 knockdown on PDGF-BB-
induced HASMCs. These data suggested that knockdown of USP14 prevented PDGF-BB-induced
proliferation, migration, and phenotypic modulation of HASMCs via inhibiting the mTOR/P70S6K

rsc.li/rsc-advances signaling pathway.

1. Introduction

Atherosclerosis is a chronic progressive cardiovascular disease
that can result in many clinical consequences, such as
myocardial infarction, ischaemic stroke and peripheral arterial
disease.'” Therefore, atherosclerosis is considered as one of the
major leading causes of death worldwide. Vascular smooth
muscle cells (VSMCs), the major constituents in the media layer
of medium- and large-sized arteries, are critical to maintain the
integrity of the arterial wall.* Studies on the mechanisms of
atherogenesis have demonstrated that VSMCs are involved in
the disease progression of atherogenesis.*® VSMCs participate
in arterial wall remodeling in order to maintain blood flow in
affected vessels due to atherosclerotic changes.

Mature VSMCs is quiescent and characterized by a ‘contrac-
tile’ phenotype. VSMCs stably express several smooth muscle
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(SM) contractile proteins such as SMa-actin, SM220, SM myosin
heavy chain (MHC), Hl-calponin and smoothelin, which are
recognized as selective VSMCs markers.® However, VSMCs has
been found to exhibit phenotypic and functional plasticity in
respond to vascular injury.” VSMCs switch to a dedifferentiated,
proliferative, and migratory phenotype. This ‘phenotypic
switching’ has been considered of fundamental importance to
the development of atherosclerosis.” Calcium (Ca*) signaling
pathway is responsible for VSMC phenotype switch. Injury to the
vessel wall is accompanied by VSMC phenotype switch from
a contractile quiescent to a synthetic phenotype and by alteration
of many components of VSMC Ca®" signaling pathways.? There-
fore, preventing the generation of a pro-atherogenic phenotype in
VSMCs is beneficial for the treatment of atherosclerosis.
Deubiquitinating enzymes (DUBs) play vital roles in the
ubiquitin-specific proteases (USPs) by removing ubiquitin from
substrate proteins and regulating their proteasomal degrada-
tion and sub-localization.®'® The USPs family represents the
majority of DUBs, containing at least 50 members. USP14,
a member of USPs family, could induce deubiquitination of
targeted proteins to stabilize the substrate protein.'* A previous
study showed that USP14 modulates cancer cell motility by
deubiquitinating the chemokine receptor CXC chemokine
receptor 4 (CXCR4).” In addition, it was reported that USP14
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plays an important role in cardiovascular disease.* However,
the role of USP14 in atherosclerosis has not been reported.

In the present study, we investigated the role of USP14 in
atherosclerosis in vitro. The results showed that USP14 is up-
regulated in human atherosclerotic lesions and exerted a pro-
atherosclerotic role in atherosclerosis.

2. Results

2.1 USP14 is highly expressed in atherosclerotic tissues

To identify the changes of USP14 expression in atherosclerotic
tissues, the qRT-PCR and western blot assays were performed.
The data in Fig. 1A showed that the RNA expression levels
USP14 were significantly upregulated in atherosclerotic tissues
compared with control tissues. Similarly, the protein expression
levels were also increased (3.27 fold) in atherosclerosis tissues
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Fig. 1 USP14 is overexpressed in atherosclerotic tissues. (A) The
mMRNA expression levels of USP14 in atherosclerotic tissues and
control tissues were measured using gRT-PCR analysis. (B) The protein
expression levels of USP14 in atherosclerotic tissues and control
tissues were measured using western blot. *p < 0.05 vs. control tissues.
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(Fig. 1B), which indicated a potential correlation between
atherosclerosis and USP14.

2.2 USP14 expression is increased in PDGF-BB-stimulated
HASMCs

Then we sought to explore the cellular function of USP14 in
HASMCs. The HASMCs were incubated with increasing
concentrations of PDGF-BB (0, 5, 10, 20, 40, 80 ng ml ") for 24 h.
As indicated in Fig. 2A and B, treatment with 5-80 ng ml~" of
PDGF-BB caused gradual increase in USP14 expression at both
mRNA and protein levels in HASMCs. Then the HASMCs were
incubated with 40 ng ml™" of PDGF-BB for a series of time
periods (0, 6, 12, 24, 36 h). The data indicated that PDGF-BB
induced USP14 expression at both mRNA and protein levels in
HASMCs in a time-dependent manner (Fig. 2C and D). The
concentration of 40 ng ml—', and the time period of 24 h were
selected for the following experiments.

2.3 USP14 regulates the proliferation and migration of
HASMCs exposed to PDGF-BB

We therefore investigated the roles of USP14 in PDGF-BB-
treated HASMCs. USP14 was knocked down in HASMCs
through transfection with si-USP14. Western blot analysis
showed that the si-USP14 significantly reduced USP14
protein levels to 23.4% of the si-NC group (Fig. 3A). Then
CCK-8 and transwell assays were performed to evaluate cell
proliferation and migration, respectively. The results proved
that downregulation of USP14 significantly inhibited the
proliferation and migration in PDGF-BB-induced HASMCs
(Fig. 3B and C). In addition, we showed that knockdown of
USP14 greatly suppressed the protein expression levels of
MMP-1 and vimentin induced PDGF-BB in HASMCs (Fig. 3D).
Furthermore, we observed that si-USP14 only had no signifi-
cant change on cell proliferation/migration, MMP-1 and
vimentin expressions in HASMCs (Fig. 3B-F). Then, we also
examined the effects of USP14 overexpression on cell prolif-
eration and migration of HASMCs, and the results indicated
that overexpression of USP14 significantly promoted the
proliferation and migration of HASMCs exposed to PDGF-BB
(ESI Fig. 17).

2.4 USP14 regulates expression of VSMCs markers in PDGF-
BB-stimulated HASMCs

Then the expression levels of VSMCs markers including a-
SMA, calponin and SM-MHC were measured using qRT-PCR
and western blot analysis. As shown in Fig. 4A-D, the expres-
sions of a-SMA, calponin and SM-MHC were significantly
decreased after PDGF-BB treatment. However, the inhibitory
effects of PDGF-BB on expressions of a-SMA, calponin and SM-
MHC were mitigated by knockdown of USP14. In addition,
these proteins expressions were not effect by si-USP14 only
(ESI Fig. 21). Furthermore, we found that overexpression of
USP14 significantly inhibited the protein expressions of a-
SMA, calponin and SM-MHC in HASMCs exposed to PDGF-BB
(ESI Fig. 3%).

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 USP14 expression is induced by PDGF-BB in a dose- and time dependent manner. The HASMCs were incubated with different
concentrations of PDGF-BB for different time periods, and then the expression levels of USP14 were measured using gRT-PCR and western blot
analysis. (A and B) Expressions of USP14 in HASMCs after incubation with increasing concentrations of PDGF-BB (0, 5, 10, 20, 40, 80 ng ml™?) for
24 h. (C and D) Expressions of USP14 in HASMCs after incubation with 40 ng ml~* of PDGF-BB for a series of time periods (0, 6, 12, 24, 36, 48 h).

*n < 0.05.

2.5 USP14 regulates the activation of mTOR/P70S6K
signaling in HASMCs in response to PDGF-BB

It has been demonstrated that mTOR/P70S6K plays an impor-
tant role in the progress of atherosclerosis. We then evaluated
the effect of USP14 on mTOR/P70S6K signaling pathway.
Western blot analysis illustrated that PDGF-BB markedly
induced the phosphorylation of mTOR and P70S6K in HASMCs,
while USP14 knockdown suppressed the phosphorylation of
mTOR and P70S6K in PDGF-BB-stimulated HASMCs (Fig. 5A-
C). Moreover, si-USP14 only had no obvious effect on mTOR/
P70S6K pathway in HASMCs (ESI Fig. 4}). Furthermore, we

This journal is © The Royal Society of Chemistry 2019

showed that USP14 knockdown also inhibited the phosphory-
lation of Akt in PDGF-BB-stimulated HASMCs (ESI Fig. 57).
Besides, overexpression of USP14 could induce the activation of
mTOR/P70S6K signaling in HASMCs in response to PDGF-BB
(ESI Fig. 61). Previous studies reported that PSMD7 is
a substrate of USP14," and PSMD7 downregulation induces
apoptosis and suppresses tumorigenesis of esophageal squa-
mous cell carcinoma via the mTOR/p70S6K pathway,* thus, we
speculated USP14 regulates mTOR/p70S6K pathway via the
interaction with PSMD7. Co-IP assay verified the overlap
between USP14 and PSMD?7 proteins (Fig. 5D).

RSC Adv., 2019, 9, 36649-36657 | 36651
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Fig. 3 Knockdown of USP14 inhibits the proliferation and migration in PDGF-BB-induced HASMCs. (A) Western blot analysis was performed to
detect the USP14 expression after transfection with si-USP14 or si-NC. *p < 0.05 vs. si-NC group. HASMCs were transfected with si-NC or si-
USP14 in the presence of PDGF-BB (40 ng ml™Y) for 24 h; or only transfected with si-USP14 for 24 h. (B) CCK-8 was performed to evaluate cell
proliferation of HASMCs. (C) Transwell assays were carried out to evaluate cell migration of HASMCs. (D) The protein expression levels of MMP-1
and vimentin were detected using western blot. (E and F) Quantification analysis of MMP-1 and vimentin. *p < 0.05 vs. control group; #p < 0.05 vs.

si-NC + PDGF-BB group.

2.6 Upregulation of mTOR signaling by MHY-1485 reversed
the effects of si-USP14 on HASMCs

To further explore the role of mMTOR/P70S6K signaling pathway
in the effects of USP14, HASMCs were treated with MHY-1485 to
activate the mTOR/P70S6K signaling. The results in Fig. 6A and
B revealed that MHY-1485 treatment blocked the inhibitory
effects of USP14 knockdown on proliferation and migration in
HASMC:s. In addition, the increased expression levels of a-SMA,
calponin and SM-MHC caused by USP14 knockdown were
reversed by MHY-1485 (Fig. 6C).

2.7 Inhibitors of USP14 and mTOR/P70S6K pathway
aggravated the effects of si-USP14 on HASMCs

Next, HASMCs were treated with IU1 (a small-molecule inhib-
itor of USP14) or/and rapamycin (an mTOR inhibitor). The
results showed that IU1 or/and rapamycin enhanced the
inhibitory effects of USP14 knockdown on proliferation and
migration in HASMCs (Fig. 7A and B). Moreover, the increased
expression levels of a-SMA, calponin and SM-MHC caused by
USP14 knockdown were enhanced by IU1 or/and rapamycin
(Fig. 7C).

3. Discussion

Ubiquitination is crucial process for protein degradation and
thereby regulates a plethora of physiological processes, such as

36652 | RSC Adv., 2019, 9, 36649-36657

cell survival, differentiation, innate and adaptive immunity."®
Ubiquitin-proteasome system (UPS), the main cytosolic
proteolytic system for ubiquitination, includes ubiquitin,
ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme
(E2), ubiquitin ligase (E3), 26S proteasome and DUBs." It has
been demonstrated that deregulation of the UPS is implicated
in the pathogenesis of many human diseases, including cancer,
cardiovascular disease and neurodegenerative disorders.'®>°
USPs represent the major family of DUBs which remove ubig-
uitin from specific protein substrates, allowing the protein
salvage from proteasome degradation, thereby regulating
protein localization or activation.** Previous studies have iden-
tified their involvement in several pathologies, thus, USPs are
considered as potential target sites for drug discovery.>*>*

It has been demonstrated that USP14 is up-regulated in left
ventricular tissues from abdominal aorta constriction (AAC) rat
models.” In addition, USP14 expression is elevated throughout
the various cardiac hypertrophy stages, implying that USP14
may be associated with the pathogenesis of cardiac hyper-
trophy. Further in vitro investigations proved that USP14
expression is significantly increased in primary cardiac muscle
cells after angiotensin II (Ang-II) treatment. USP14 over-
expression in cardiomyocytes causes cardiomyocyte hyper-
trophy, while knockdown of USP14 in vitro alleviates the
hypertrophic response.*® These findings suggested that USP14
is involved in cardiovascular disease. Therefore, we aimed to

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Knockdown of USP14 induces the expression levels of VSMCs markers in PDGF-BB-stimulated HASMCs. HASMCs were transfected with
si-NC or si-USP14 in the presence of PDGF-BB (40 ng ml™?) for 24 h. (A) The expression levels of VSMCs markers including «.-SMA, calponin and
SM-MHC were measured using western blot analysis. (B—D) Quantification analysis of a-SMA, calponin and SM-MHC. *p < 0.05 vs. control group;

#p < 0.05 vs. si-NC + PDGF-BB group.

explore whether USP14 was implicated in atherogenesis. Firstly,
we found that USP14 expression was markedly increased in
atherosclerotic tissues. Then we next examined the role of
USP14 in atherogenesis in vitro. According to the previous
studies, phenotypic plasticity of VSMCs plays a crucial role in
atherosclerosis.”® The capacity of VSMCs to switch the pheno-
type is regulated by various external signals. PDGF-BB is
a member of PDGFs family, which can regulate cell prolifera-
tion, migration, extracellular matrix (ECM) accumulation, as
well the production of inflammatory mediators.>® PDGF-BB is
primarily released by vascular endothelial cells and platelets at
the sites of vascular injury. PDGF-BB is considered to be one of
the most potent mitogens and chemoattractant stimulants for
the regulation of VSMCs proliferation, migration and pheno-
typic modulation.””*® Therefore, PDGF-BB is usually applied for
the induction of VSMCs in vitro.

Our study demonstrated that PDGF-BB significantly induced
HASMCs proliferation, migration and phenotypic modulation.
Moreover, the USP14 expression was also elevated after PDGF-
BB treatment. Knockdown of USP14 in HASMCs suppressed
PDGF-BB-induced proliferation, migration and phenotypic

This journal is © The Royal Society of Chemistry 2019

modulation of HASMCs, indicating that knockdown of USP14
might alleviate atherosclerosis. It is well established that PDGF-
BB induces VSMCs dedifferentiation through several tran-
scription factors and key molecular signaling pathways. The
mTOR signaling pathway has been found to impact most major
cellular functions.* This signaling is observed to be activated in
many diseases, including atherosclerosis.*® Pan et al.** reported
that PDGF-BB induces VSMCs dedifferentiation, which is asso-
ciated with the mTOR signaling and its effectors P70S6K. Lu
et al.*®> demonstrated that chicoric acid prevents PDGF-BB-
induced VSMCs dedifferentiation, which is attributed to the
inhibition of mTOR/P70S6K signaling cascade. Therefore, we
assessed the role of mTOR/P70S6K signaling in the effect of
USP14 on PDGF-BB-induced HASMCs dedifferentiation. The
results showed that PDGF-BB induced the phosphorylation of
mTOR and P70S6K in HASMCs, indicating that PDGF-BB
caused the activation of mTOR/P70S6K signaling. However,
the PDGF-BB-induced activation of mTOR/P70S6K signaling
was prevented by knockdown of USP14. In addition, upregula-
tion of mTOR signaling by MHY-1485 reversed the effects of
USP14 knockdown on HASMCs. These data suggested that

RSC Adv., 2019, 9, 36649-36657 | 36653
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Fig. 5 Knockdown of USP14 prevents the PDGF-BB-induced activation of mTOR/P70S6K signaling in HASMCs. (A) The effect of USP14 on
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blot analysis. (B and C) Quantification analysis of p-mTOR/mTOR and p-P70S6K/P70S6K. (D) Co-IP assay verified the overlap between USP14
and PSMD7 proteins. *p < 0.05 vs. control group; #p < 0.05 vs. si-NC + PDGF-BB group.

suppression of mTOR/P70S6K signaling contributed to the
effects of USP14 knockdown on PDGF-BB-induced HASMCs.

In conclusion, we identified USP14 as a pro-atherosclerotic
factor through controlling the HASMCs proliferation, migra-
tion and phenotypic modulation. The effects of USP14 were
mediated by the mTOR/P70S6K signaling pathway (ESI Fig. 77).
Collectively, USP14 might be a potential target for the treatment
of atherosclerosis.

4. Materials and methods
4.1 Tissue specimens

All experiments were performed in accordance with the
Guidelines of the First Affiliated Hospital of Henan Polytechnic
University, the Second People's Hospital of Jiaozuo (Jiaozuo,
China), and experiments were approved by the ethics
committee at the First Affiliated Hospital of Henan Polytechnic
University, the Second People's Hospital of Jiaozuo (approval
ID: 00031). Informed consents were obtained from human
participants of this study. Fresh atherosclerosis tissues were
collected from 18 patients undergoing carotid endarterectomy
at the Department of Vascular Surgery, the Second People's
Hospital of Jiaozuo. 18 normal left internal mammary artery
obtained from patients undergoing coronary artery bypass
surgery were used as non-atherosclerotic control arteries. The
atherosclerotic lesions and control tissues were frozen after
collection and stored at —80 °C for future preparation of total
RNA.

36654 | RSC Adv., 2019, 9, 36649-36657

4.2 Cell culture

Primary human aortic smooth muscle cells (HASMCs; Scien-
Cell Research Laboratories, San Diego, CA, USA) were cultured
in smooth muscle cell medium (SMCM; ScienCell Research
Laboratories) containing 5% fetal bovine serum (FBS;
Hyclone, Logan, UT, USA), 1% smooth muscle cell growth
supplement (ScienCell Research Laboratories), 100 U ml™*
penicillin and 100 pg ml™" streptomycin (Sigma-Aldrich, St.
Louis, MO, USA). Cells were incubated at 37 °C in 5% CO,/
95% mixed ambient air.

4.3 SiRNA-USP14 and cell transfection

USP14-target-specific siRNA (si-USP14) and negative-control
SiRNA (si-NC) were synthesized by OriGene (Rockville, MD,
USA). Transfections were performed using Lipofectamine-2000
transfection system (Invitrogen, Carlsbad, CA, USA) as
described in the instruction.

4.4 Construction of the pcDNA3.1-USP14 vector and cell
transfection

The full-length USP14 open reading frame was amplified from
HASMCs by RT-PCR, and cloned into the pcDNA3.1 expression
vector to construct the pcDNA3.1-USP14 recombinant expres-
sion vector. HASMCs were transfected with pcDNA3.1-USP14 or
PcDNA3.1 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA),
according to the manufacturer's instructions.

This journal is © The Royal Society of Chemistry 2019
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evaluate cell proliferation and migration, respectively. (C) The expression levels of VSMCs markers including o.-SMA, calponin and SM-MHC were
measured using western blot analysis. *p < 0.05 vs. control group; #p < 0.05 vs. PDGF-BB group; ®p < 0.05 vs. si-USP14+PDGF-BB group.

4.5 Cell proliferation assay

Totally of 2 x 10° cells per well were seeded in 96-well plates and
incubated for 48 h. Subsequently, 10 ul of CCK-8 reagent was
supplied and incubated for 4 h. The absorbance of each sample
was determined at 450 nm with a multi-mode plate reader (Bio-
Tek Instruments, Winooski, VT, USA).

4.6 Cell migration assay

Cell migration ability was measured using transwell assay with
Transwell chambers (8 um pore size; Corning Inc., Corning, NY,
USA). Briefly, 4 x 10" cells diluted in 100 pl serum-free medium
were seeded into the upper transwell chamber. To induce chemo-
taxis, the lower chamber was filled with 800 ul medium containing
10% FBS. After incubation at 37 °C for 24 h, cells were fixed in 4%
paraformaldehyde and stained with 1% crystal violet. The numbers
of mitigated cells in five randomly selected fields were counted
using an inverted microscope (Olympus, Tokyo, Japan).

4.7 Real-time Quantitative PCR

Total RNA was isolated using the TRIzol reagent (Invitrogen).
After determining the concentration, purity, and integrity of

This journal is © The Royal Society of Chemistry 2019

RNA, the RNA (1 pg) was reverse transcribed into cDNA using
QuantiTect Reverse Transcription Kit (Qiagen, Hilde, Germany)
according to the manufacturer's instructions. The mRNA levels
of target genes were analyzed by qPCR using SYBR Green Real-
time PCR Master Mix Kit (Bio-Rad, Hercules, CA, USA) on an iQ5
Real-time PCR System (Bio-Rad). The following primer pairs
were used to PCR amplification: USP14, forward 5- TGATGT-
GATGCAATCTGTG-3/, reverse 5-ATCCTGCCCATTCTATTC-3’; B-
actin, forward 5-AAATCGTGCGTGACATCAAAGA-3’, and reverse
5'-GGC CATCTCCTGCTCGAA-3’. Relative levels of gene expres-
sion were calculated using the 2724 method.

4.8 Western blot analysis

Total proteins were prepared with RIPA buffer (Thermo Fisher
Scientific, Waltham, MA, USA) and then the protein concen-
tration was determined using the BCA protein assay kit
(Thermo). The western blot analysis was performed as previ-
ously described. Briefly, the proteins were incubated with
primary antibodies (anti-USP14, anti-MMP-1, anti-vimentin,
anti-a-SMA, anti-calponin, anti-SM-MHC, anti-mTOR, anti-p-
mTOR, anti-P70S6K, anti-p-P70S6K, anti-p-Akt, anti-Akt or
anti-B-actin) for 12 h at 4 °C, followed by incubation in HRP-
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Fig.7 Inhibitors of USP14 and mTOR/P70S6K pathway aggravated the
effects of si-USP14 on HASMCs. HASMCs with different transfections
were pre-treated with IU1 (5 pmol I™%) or/and rapamycin (10 pmol [
for 2 h, followed by stimulation with PDGF-BB (40 ng ml™Y) for 24 h. (A
and B) The CCK-8 and transwell assays were performed to evaluate
cell proliferation and migration, respectively. (C) The expression levels
of VSMCs markers including a-SMA, calponin and SM-MHC were
measured using western blot analysis. *p < 0.05 vs. control group; #p <
0.05 vs. PDGF-BB group; Zp < 0.05 vs. si-USP14+PDGF-BB group.
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conjugated secondary antibody. All antibodies were obtained
from Abcam (Cambridge, MA, USA). The bands were enhanced
with ECL chemiluminescent detection system reagents
(Thermo) and detected using the chemidoc XRS imaging system
(Bio-Rad).

4.9 Coimmunoprecipitation (co-IP) assay

After washing with phosphate buffer saline (PBS), cells were
lysed in RIPA buffer. Lysates were centrifuged, and then the
supernatant was collected and incubated with primary antibody
pre-absorbed protein A and G sepharose beads at 4 °C for 6 h.
Then, the sediments were washed with the RIPA buffer and
boiled in 1x loading buffer for 10 min. Protein expression was
detected by western blot.

4.10 Statistical analysis

Data were expressed as the mean =+ standard of the mean (SEM)
of three independent experiments (each performed in tripli-
cate). The unpaired two-tailed Student's #-test and ANOVA with
Bonferroni post hoc test were applied to identify the differences
between two groups or multiple comparisons using SPSS 23.0
software (SPSS, Inc., Chicago, IL, USA). A p-value less than 0.05
was considered statistically significant.
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