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Long non-coding RNAs (lncRNAs) play a crucial role in the
growth of vascular smooth muscle cells (VSMCs), the dysfunc-
tion of which is closely associated with the initiation and pro-
gression of cardiovascular diseases (CVDs). Abnormal pheno-
typic switching and proliferation of VSMCs constitute a
significant event in the progression of atherosclerosis. The pre-
sent study identified a novel lncRNA, PEBP1P2, which serves as
a valuable regulator of VSMCs in phenotypic transformation
and proliferation. The expression of PEBP1P2 was remarkably
decreased in proliferating VSMCs and pathological arteries
when using a balloon injury model of rats. Furthermore, we
found that PEBP1P2 represses proliferation, migration, and
dedifferentiation during phenotype switching in VSMCs
induced by platelet-derived growth factor BB (PDGF-BB).
Mechanistically, cyclin-dependent kinase 9 (CDK9) was
confirmed to be the direct target of PEBP1P2, which was
proven to mediate phenotypic switching and proliferation of
VSMCs and was rescued by PEBP1P2. Then, we explored the
clinical significance, as we observed the decreased expression
of PEBP1P2 in the serum of coronary heart disease (CHD) pa-
tients and human advanced carotid atherosclerotic plaques.
Finally, PEBP1P2 overexpression distinctly suppressed neoin-
tima formation and VSMC phenotypic switching in vivo.
Taken together, PEBP1P2 inhibits proliferation and migration
in VSMCs by directly binding to CDK9, implying that it may be
a promising therapeutic target for the treatment of prolifera-
tive vascular diseases.
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INTRODUCTION
Cardiovascular diseases (CVDs), at the top of the 10 most common
causes of death, remain the leading causes of mortality in the world.1,2

According to the latest report, the prevalence of CVDs continues to
rise, causing at least 40% of deaths in China.3 Vascular smoothmuscle
cells (VSMCs), one of the main cellular constituents of the blood
vessel wall, are vital determinant for CVDs, which exist in two states,
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including differentiation (contractile phenotype) and dedifferentia-
tion (synthetic phenotype) during vascular development.4,5 Gener-
ally, VSMCs transform from a differentiated phenotype to a dediffer-
entiation phenotype in response to the stimulation of vascular wall
injury or some growth factors, such as platelet-derived growth factor
BB (PDGF-BB) and tumor necrosis factor alpha (TNF-a). The differ-
entiated phenotype is characterized by low proliferation and migra-
tion and high expression of contractile genes such as a-smooth mus-
cle actin (a-SMA), calponin 1 (CNN1), and smooth muscle myosin
heavy chain (SMHC). Conversely, the synthetic phenotype presents
high proliferation and migration with low expression of contractile
markers.4,6–8 Increasingly, studies have proved that VSMC pheno-
typic switching contributes to the initiation and development of
most CVDs such as atherosclerosis, restenosis after coronary artery
angioplasty or bypass, diabetic vascular complications, and hyperten-
sion.9,10 Thus, more studies to investigate the mediators and mecha-
nisms of the pathogenesis of VSMCs involved in CVDs remain
necessary.

Long non-coding RNAs (lncRNAs) are the critical epigenetic regula-
tors of genetic expression, which are defined as a cluster of RNAmol-
ecules characterized by more than 200 nt in length and the inability to
encode proteins.11,12 To date, there is increasing evidence suggesting
that lncRNA abnormalities are directly related to CVDs, including
atherosclerosis, pathological hypertrophy and the development of
cardiocytes, and dyslipidemia.13 For example, lncRNAs H19, ANRIL,
SENCR, GAS5, MYOSLID, and MEG3 are associated with
he Authors.
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atherosclerosis through regulating phenotypic switching, prolifera-
tion, and migration in VSMCs.14 Therefore, understanding the inti-
mate regulatory mechanisms of lncRNAs is critical to investigate
novel strategies for CVD diagnosis and therapy.

Cyclin-dependent kinase 9 (CDK9), a transcriptional regulator that
has few effects on cell cycle control, is activated by binding with cy-
clin T1 to form positive transcription elongation factor b (P-TEFb),
which enhances transcription activity through RNA polymerase II
to facilitate RNA synthesis for cell growth and differentiation.15–17

In addition to its crucial role in cancer cell metabolism and cardio-
myocyte proliferation, recent studies have shown that it may also
play an important role in CVDs, as it was detected to be upregulated
in artery plaque, serum, and monocyte samples of coronary heart
disease (CHD) patients.16,18,19 However, the regulatory function
and mechanism of CDK9 in VSMC phenotypic conversion are
mostly unknown.

Although several studies have explored the role of lncRNAs in VSMC
phenotypic switching, its role and the molecular mechanism are
largely unknown. In this study, we identified lncRNA PBRP1P2
(also known as lncRNA5) as a novel modulator in phenotypic trans-
formation, proliferation, and migration of VSMCs and proliferative
vascular diseases, which could provide a potential therapeutic target
for intervention in CVDs.

RESULTS
Identification and Characterization of PEBP1P2

PEBP1P2 is a 409-bp lncRNA derived from pseudogene PEBP1P2 via
the UCSC Genome Browser (http://genome.ucsc.edu/), which was
previously reported and named as lncRNA5. A previous study re-
ported that PEBP1P2 was enriched in human vessel cell lines (human
coronary artery smooth muscle cells [HCASMCs] and human umbil-
ical vein endothelial cells [HUVECs]) and tissues.20 Therefore, we
speculate that it could play a potential role in vascular diseases. First,
we used two common tools, CPAT (coding potential assessment tool)
and CPC (coding potential calculator), to evaluate the coding possi-
bility of PEBP1P2 in the following study. For CPAT, the coding prob-
ability was 0.0029, indicating that PEBP1P2 was a non-coding tran-
script (Figure S1A). For CPC, the coding potential score was
�1.0995, also indicating that it had little coding possibility
(Figure S1B).

Next, to explore the function of PEBP1P2 in CVDs, we evaluated its
expression in the serum of patients with CHD and in human
advanced carotid atherosclerotic plaques by quantitative real-time
PCR. The results demonstrated that PEBP1P2 expression was mark-
edly decreased in CHD samples compared with the healthy individ-
uals (Figure 1A), and the baseline demography data and biochemical
test results are shown in Table S1. Similarly, the expression of
PEBP1P2 was significantly reduced in plaque compared with normal
carotid intima (Figure 1B). Then, the liftOver tool21 was used to detect
whether transcripts with a similar genomic organization on rat (rn4)
reference genomes would assess the conservation of PEBP1P2. We
found that the potential rat PEBP1P2 ortholog was located on chro-
mosome 4, similar to the human genome (Figure 1C), whereas there
was no homology with the mouse genome (Figure S1C). We also used
NCBI BLAST22 for sequence comparison, which showed that human
PEBP1P2 shares 82.35% homology with the predicted rat gene (Fig-
ure S1D). Subsequently, the quantitative real-time PCR analysis re-
vealed that PEBP1P2 was enriched in rat aorta compared to other
muscle tissues such as cardiac and skeletal muscle (Figure 1D). Mean-
while, we observed that PEBP1P2 was highly expressed in VSMCs
compared to other cell lines associated with atherosclerosis (Fig-
ure 1E). We next tried to investigate the expression of PEBP1P2 in
a balloon injury model of the rat carotid artery that simulates human
angioplasty, in which VSMCs switch from the differentiation to dedif-
ferentiation phenotype and promote the neointimal formation.23 The
results showed that PEBP1P2 expression was significantly downregu-
lated in the arteries at 3, 7, and 21 days after injury compared with the
sham group by quantitative real-time PCR (Figure 1F).

In short, these results demonstrated that PEBP1P2 was enriched in
VSMCs and associated with CVDs and arterial injury, which indi-
cated it might play an essential role in regulating VSMC function
and CVDs.

Knockdown of PEBP1P2 Enhanced VSMC Proliferation,

Migration, and Dedifferentiation during Phenotype Switching

We performed loss-of-function studies to evaluate the potential role
of PEBP1P2 on proliferation, migration, and phenotypic transforma-
tion. Two small interfering RNAs (siRNAs), especially targeting
PEBP1P2, were designed and synthesized to decrease PEBP1P2
expression in VSMCs. PEBP1P2 expression was reduced more than
70% or 50% using transfecting siRNAs (Figure 2A). PEBP1P2 knock-
down significantly boosted proliferation of VSMCs by 5-ethynyl-20-
deoxyuridine (EdU) (Figure 2B) and Cell Counting Kit-8 (CCK-8)
(Figure 2C) assays. Meanwhile, wound healing (Figure 2D) and trans-
well (Figure 2E) assays indicated that cell migration was remarkably
increased. Because the phenotype switching was closely related to the
proliferation and migration of VSMCs,4 we further detected the role
of PEBP1P2 knockdown in this process. After PEBP1P2 knockdown,
mRNA (Figure 2F) and protein (Figure 2G) levels of contractile
markers were downregulated, including a-SMA, CNN1, and
SMHC. Interestingly, there was no significant change in cyclin D1
(CCDN1) mRNA (Figure 2F) and protein (Figure 2G) levels. In brief,
these results suggested that PEBP1P2 knockdown most likely pro-
moted VSMC proliferation and migration through accelerating
phenotype switching rather than regulating the cell cycle.

Overexpression of PEBP1P2 Suppressed VSMC Proliferation,

Migration, and Dedifferentiation during Phenotype Switching

and Pathophysiological Functions Induced by PDGF-BB

Gain-of-function analysis was conducted to study the role of
PEBP1P2 in VSMCs further. Cells with stable overexpression of
PEBP1P2 were established and validated. After transfection of the
overexpression plasmids for 24 h, PEBP1P2 expression increased
remarkably compared to the control group (Figure 3A). Contrary
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Figure 1. Identification and Characterization of PEBP1P2

(A) The PEBP1P2 expression in CHD patients (n = 27) and healthy controls (n = 29) analyzed using quantitative real-time PCR. (B) Quantitative real-time PCR analysis of

PEBP1P2 expression in human advanced carotid atherosclerotic plaque and normal carotid intima tissues. (C) Genomic location of PEBP1P2 on rat assembly (rn4), pre-

dicted using the UCSC liftOver tool. (D and E) Quantitative real-time PCR analysis for PEBP1P2 expression in rat muscle tissues (D) and atherosclerosis-related cell lines (E).

(F) Quantitative real-time PCR was used to analyze the expression of PEBP1P2 in rat carotid arteries after sham operation or balloon injury at different points in time as

indicated. Data are presented as mean ± SD. n = 9 for (B), n = 3 for (E), n = 5 for (D) and (F). *p < 0.05 versus Ctl, **p < 0.01 versus Ctl, ***p < 0.001 versus Ctl.
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to PEBP1P2 knockdown, we found that overexpression of PEBP1P2
reduced both proliferation (Figures 3B and 3C) and migration (Fig-
ures 3D and 3E). Moreover, mRNA (Figure 3F) and protein (Fig-
ure 3G) levels of contractile markers were upregulated. However,
there was no observable difference in the expression of CCDN1 (Fig-
ures 3F and 3G), which was consistent with PEBP1P2 knockdown.

Next, we explored the effect of PEBP1P2 in proliferating VSMCs. We
found that PEBP1P2 expression levels in VSMCs treated with PDGF-
BB (20 ng/mL) were reduced in a time-dependent manner. In partic-
ular, 24 h of treatment exhibited the most significant decrease (Fig-
ure 3H). Additionally, overexpression of PEBP1P2 attenuated
PDGF-BB-caused proliferation (Figures 3I and 3J), migration (Fig-
ures 3K and 3L), and phenotypic transformation (Figure 3M) in
VSMCs.

In summary, PEBP1P2 overexpression blocked proliferation, migra-
tion, and phenotypic transformation of VSMCs and inhibited patho-
logical functions induced by PDGF-BB.

PEBP1P2 Directly Binds to CDK9

There have been increasing numbers of studies proving that lncRNAs
regulate gene expression either in cis or in trans.12 Through quantita-
86 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
tive real-time PCR, we found that the expression of PEBP1P2 in
neighboring genes at chromosome 2, including RETSAT, CAPG, EL-
MOD3, TCF7L1 and TGOLN2, had no significant change after
PEBP1P2 knockdown or overexpression (Figure S2A), which sug-
gested that PEBP1P2 may work in trans. Previous studies have
demonstrated that CDK9 played a crucial role in cardiomyocyte pro-
liferation and atherosclerosis.16,19 Therefore, we assessed the possible
interaction between PEBP1P2 and CDK9 by bioinformatics analyses.
Using RNA-protein interaction prediction (RPISeq), the potential
PEBP1P2-binding protein was predicted, and CDK9 was shown to
interact with PEBP1P2 by the random forest (RF) classifier (=0.80)
and support vector machine (SVM) classifier (=0.58) (Figure 4A).
Moreover, the potential PEBP1P2/CDK9 interaction was tested by
the prediction of lncRNA-protein interactions, which showed a
high score of 63.73 (Figure S2B). These findings were also further
confirmed by catRAPID express, a prediction tool for identification
of co-expressed protein and RNA pairs, and the nucleotides between
1 and 220 of PEBP1P2 were predicted to the central residues directly
bind to CDK9. This prediction yielded the interaction propensity of
103 and the discriminative power of 99% (Figure 4B). Additionally,
the results from the catRAPID signature module, a prediction tool
for RNA-binding propensity, showed the overall prediction score of
CDK9 was 0.65 (Figure 4C), suggesting that CDK9 may directly



Figure 2. Knockdown of PEBP1P2 Enhanced VSMC Proliferation, Migration, and Dedifferentiation during Phenotype Switching

(A) siRNAs were used to knock down PEBP1P2 in VSMCs. The expression of PEBP1P2 was determined using quantitative real-time PCR. (B and C) Cell-Light EdU staining (B)

and Cell Counting Kit-8 (CCK-8) (C) analysis for cell proliferation of VSMCs with PEBP1P2 knockdown. Hoechst and EdU staining show blue and green, respectively. (D and E)

The cell migration after PEBP1P2 knockdown in VSMCs was analyzed by wound-healing (D) and transwell (E) analysis. (F and G) Quantitative real-time PCR (F) and western

blotting (G) analyses were conducted tomeasure themRNA and protein expression level of contractile markers and CCND1 after PEBP1P2 knockdown in VSMCs. Results were

quantified using ImageJ software. Data are presented as mean ± SD. Scale bars, 100 mm. n = 3. *p < 0.05 versus Ctl, **p < 0.01 versus Ctl, ***p < 0.001 versus Ctl.
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bind to RNAs.24 Then, we testified the direct interaction between
PEBP1P2 and CDK9 by RNA immunoprecipitation (RIP) assays
(Figure 4D), which confirmed the accuracy of our prediction.

To further explore whether PEBP1P2 was involved in the regulation
of CDK9 expression, we knocked down PEBP1P2 and proved that the
expression levels of CDK9 increased by using western blot and immu-
nofluorescence. Conversely, the expression of CDK9 was downregu-
lated after PEBP1P2 overexpression (Figures 4E and 4F). Addition-
ally, we sought to investigate the special function of PEBP1P2 in
the regulation of the classic molecular pathways associated with
atherosclerosis. The levels of the relevant proteins, including nuclear
factor kB (NF-kB) p65, phosphorylated (p-)NF-kB p65, p38mitogen-
activated protein kinase (MAPK), p-p38MAPK, c-Jun, p-c-Jun, Akt,
and p-Akt, were detected. The results showed that PEBP1P2 knock-
down suppressed the expression of p-p38 and p-c-Jun, whereas
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 87
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PEBP1P2 overexpression exhibited the opposite effect. There were no
significant differences in the expression of other proteins after
PEBP1P2 knockdown or overexpression (Figure S2C).

Briefly, PEBP1P2 could directly bind to CDK9 and negatively regu-
lated its expression, and the p-p38/p-c-Jun pathway may also be its
potential regulatory pathway.

Knockdown of CDK9 Inhibited VSMC Proliferation, Migration,

and Phenotype Switching, Which Were Involved in the PEBP1P2

Regulatory Pathway

CDK9-knockdown VSMCs were established through transfection of
siRNAs and confirmed that CDK9 expression was successfully down-
regulated by quantitative real-time PCR and western blot, the expres-
sion of which could be partially recovered by knockdown of PEBP1P2
(Figures 5A and 5B). Remarkably slower proliferation (Figure 5C)
and migration (Figures 5D and 5E) rates were observed in the
CDK9 knockdown of VSMCs compared with control, which could
be rescued by knockdown of PEBP1P2. Also, CDK9 knockdown up-
regulated the expression of contractile genes and offset after
PEBP1P2-knockdown, whereas there was no effect on CCND1
expression (Figure 5F).

Concomitantly, the expression of CDK9 in VSMCs induced
by 20 ng/mL PDGF-BB was increased in a time-dependent
manner (Figure 5G), which exhibited the opposite results of
PEBP1P2. Likewise, the proliferation and migration in VSMCs
under PDGF-BB treatment were offset by CDK9 knockdown
(Figures 5H and 5I). Collectively, the proliferation, migration,
and phenotypic alternation of VSMCs were depressed after
CDK9 knockdown, and which could be recovered by PEBP1P2
knockdown.

Overexpression of CDK9 Promoted VSMC Proliferation,

Migration, and Phenotype Switching, Which Were Negatively

Regulated by PEBP1P2

To further verify the critical role of CDK9, pAsRed2-CDK9 was con-
structed. After transfection in VSMCs, we observed that the CDK9
expression was dramatically upregulated using quantitative real-
time PCR and western blot analyses, while this upregulation was
restored by PEBP1P2 overexpression (Figures 6A and 6B). In contrast
to CDK9 knockdown, overexpression of CDK9 accelerated both pro-
liferation (Figure 6C) and migration (Figures 6D and 6E), which
could be recovered by PEBP1P2 overexpression. Afterward, we found
Figure 3. Overexpression of PEBP1P2 Suppressed VSMC Proliferation, Migrat

Pathophysiological Functions Induced by PDGF-BB

(A) The expression levels of PEBP1P2 were measured in VSMC-transfected pcDNA3.0

CCK-8 (C) analysis confirmed the cell proliferation after PEBP1P2 overexpression in VS

PEBP1P2 overexpression in VSMCs. (F and G) Quantitative real-time PCR (F) and weste

contractile genes and CCND1 after PEBP1P2 overexpression in VSMCs. (H) Quantitati

(20 ng/mL) at different points in time. (I and J) Cell-Light EdU staining (I) and CCK-8 (J

detected by wound-healing (K) and transwell (L) analyses. (M) Western blotting analysis f

of PEBP1P2 was performed in VSMCs, then treated with 20 ng/mL PDGF-BB as indic

mean ± SD. Scale bars, 100 mm. n = 3. *p < 0.05 versus Ctl, **p < 0.01 versus Ctl; #p
that a-SMA, CNN1, and SMHC were significantly downregulated af-
ter transfection of CDK9 constructs, whereas there was no noticeable
effect on CCND1 expression. Concomitantly, the protein levels of
these markers were rescued by PEBP1P2 overexpression (Figure 6F).
In conclusion, PEBP1P2 regulated the proliferation, migration, and
phenotypic transformation through the targeting of CDK9 in
VSMCs.

Overexpression of PEBP1P2 Attenuated Neointima Formation

and VSMC Phenotype Transformation Induced in a Balloon-

Injured Carotid Artery Model

To determine the role of PEBP1P2 in neointimal formation and
VSMC phenotype transformation in vivo, a highly characteristic ca-
rotid balloon injury model was executed in rats. Using a plasmid/
polyethylenimine (PEI)/polyethylene glycol (PEG) cocktail to
perform in vivo transfection,25 the pcDNA3.0-PEBP1P2/PEI/PEG
or pcDNA3.0/PEI/PEG cocktail was generated and then injected
via the tail vein after the balloon injury every 7 days for a total of
21 days (Figure 7A). Additionally, pcDNA3.0-PEBP1P2/PEI/PEG
complex labeling with the fluorescence dye Cy5.5 was conducted
intravenously after the balloon injury to investigate whether the in-
jection was successful. The result showed that epifluorescence in vivo
was mainly distributed in the injury area 6 h after injection using the
in vivo imaging system (IVIS) (Figure 7B). We also detected the
expression of PEBP1P2 in injured arteries after 21 days. We found
that PEBP1P2 expression was significantly increased in injury ar-
teries infected with the pcDNA3.0-PEBP1P2/PEI/PEG cocktail
(Figure 7C).

Importantly, balloon-injured arteries infected with the pcDNA3.0-
PEBP1P2/PEI/PEG cocktail demonstrated a marked decrease in
neointima formation compared with arteries transduced with
the pcDNA3.0/PEI/PEG cocktail (Figure 7D). Then, we calculated
the intima/media ratio, with the results showing that the ratio was
lower in the PEBP1P2-treated group than in the control group
(Figure 7E), suggesting a protective role for PEBP1P2 in limiting
intimal hyperplasia. Furthermore, western blot analysis showed
that the expression of VSMC transformation markers was upregu-
lated in pcDNA3.0-PEBP1P2/PEI/PEG complex-infected, balloon-
injured arteries compared with the control group, and this in-
crease was accompanied by a marked decrease in CDK9 expres-
sion (Figure 7F). These data suggested that PEBP1P2 plays a crit-
ical role in VSMC phenotypic switching and neointimal
hyperplasia in vivo.
ion, and Dedifferentiation during Phenotype Switching and

-PEBP1P2 by quantitative real-time PCR. (B and C) Cell-Light EdU staining (B) and

MCs. (D and E) Wound-healing (D) and transwell (E) analysis for cell migration after

rn blotting (G) analysis was performed to determine the mRNA and protein levels of

ve real-time PCR analysis of PEBP1P2 expression in VSMCs induced by PDGF-BB

) analysis detection of the cell proliferation of VSMCs. (K and L) Cell migration was

or the expression level of contractile markers. The plasmid-mediated overexpression

ated (for I–M). Results were quantified by ImageJ software. Data are presented as

< 0.01 versus Ctl + PDGF-BB, ##p < 0.001 versus Ctl + PDGF-BB.
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Figure 4. PEBP1P2 Directly Binds to CDK9

(A) The RPISeq (http://pridb.gdcb.iastate.edu/RPISeq/) results showed that the CDK9 protein was predicted to interact with PEBP1P2. (B) Predicted interaction of PEBP1P2

and CDK9 protein by catRAPID analysis (http://service.tartaglialab.com/update_submission/247977/d4d773c37b). (C) catRAPID signature module (http://service.

tartaglialab.com/update_submission/247978/970c69ee6e) for prediction of the RNA-binding propensity of CDK9 protein. Overall prediction scores above 0.5 indicate a

propensity to bind. (D) RNA immunoprecipitation (RIP) detection of the interaction between CDK9 and PEBP1P2 in VSMCs by agarose gel electrophoresis. (E and F) The

protein expression levels of CDK9 in VSMCs after PEBP1P2 knockdown or overexpression were assessed using western blotting (E) and immunofluorescence (F) analysis.

Quantified using ImageJ software. Data are presented as mean ± SD. Scale bar, 25 mm. n = 3 for (D)–(F). *p < 0.05 versus Ctl, **p < 0.01 versus Ctl.
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DISCUSSION
It is well known that the abnormal proliferation and migration of
VSMCs are closely associated with CVDs, such as atherosclerosis,
hypertension, pulmonary hypertension, and aortic aneurysm, espe-
cially in-stent restenosis (ISR).26,27 To date, restenosis after stent im-
plantation continues to present several knotty clinical problems.
Significantly, the development of restenosis was due to neointima
hyperplasia chiefly caused by aberrant VSMC proliferation and
90 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
migration after vascular wall injury.28 Although the improvement
of drug-eluting stents (DESs) significantly reduced the in-stent ste-
nosis incidence rate by releasing antiproliferative drugs to inhibit
VSMC proliferation and migration, it also posed a new problem:
late stent thrombosis due to the side effect of antiproliferative
drug inevitably suppressing re-endothelialization.27 Therefore, it is
necessary to explore the regulators and molecular mechanisms in
VSMC proliferation and migration. As a kind of considerable

http://pridb.gdcb.iastate.edu/RPISeq/
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epigenetic regulator, an increasing amount of evidence has shown
that dysregulation of lncRNA expression and function were firmly
related to vascular cell functions and pathologies, working through
a variety of mechanisms.27,29 Among them, some have been consid-
ered as critical regulators for VSMC phenotypic switching during
vascular development. For example, Ahmed et al.23 reported that
lncRNA NEAT1 promoted VSMC proliferation and migration by
bindingWDR5 to restrain differentiation during phenotypic switch-
ing. Jin et al.30 revealed a novel VSMC enriched lncRNA, AK098656,
which was upregulated in hypertension patient plasma and acceler-
ated VSMC phenotypic switching via direct interacting with
MYH11/FN1 occured in VSMCs. Wang et al.31 demonstrated that
GAS5 repressed VSMCs proliferation, migration, and phenotypic
conversion via b-catenin signaling. Therefore, it is promising to
develop non-coding RNAs as significant targets for the regulation
of phenotype transformation in VSMCs.

In this study, we identified and explored the functional roles and reg-
ulatory mechanisms of a novel pseudogene-derived lncRNA,
PEBP1P2. We found the PEBP1P2 was enriched in human VSMCs
and rat aortic tissue. Additionally, it was downregulated in human
VSMCs stimulated by PDGF-BB and in rat carotid artery tissues
injured by a balloon. These results indicated that PEBP1P2 could
be involved in the proliferation and migration of VSMCs, and it
may play a significant role in regulating vascular function. In a knock-
down experiment, we further found that PEBP1P2 remarkably
increased VSMC proliferation, migration, and phenotypic transfor-
mation. Alternatively, these processes were observably suppressed
due to PEBP1P2 overexpression. Meanwhile, we observed that this
evidence occurred under PDGF-BB-induced VSMCs. Interestingly,
PEBP1P2 knockdown or overexpression had no significant effect
on CCND1 expression. However, above all, an in vivo experiment
showed that PEBP1P2 could play an essential part in inhibiting neo-
intimal formation and VSMC phenotypic switching. These results
suggested the vital contribution of PEBP1P2 in regulating VSMC pro-
liferation, migration, and phenotype alternation, and it may act as a
promising therapeutic target in vascular diseases, such as in-stent
restenosis after angioplasty.

The regulatory mechanisms of lncRNAs are complex. Among them,
regulation of target gene expression in trans, depending on the direct
interaction with its protein partner, RNA-binding protein, is one of the
important pathways.12,32 For example, Atianand et al.33 reported that
lncRNA EPS, a negative regulator of inflammatory responses, in-
hibited the expression of immune genes by directly binding to
Figure 5. Knockdownof CDK9 Inhibited VSMCProliferation,Migration, and Phen

(A and B) siRNAs were conducted to knock down CDK9 in VSMCs. In the other group,

levels of CDK9 were measured by quantitative real-time PCR (A) and western blotting (B

knockdown or both CDK9 and PEBP1P2 knockdown. (D and E)Wound-healing (D) and t

of contractile markers and CCND1. (G) The protein levels of CDK9 in VSMCs induced b

siRNA-mediated knockdown of CDK9was performed in VSMCs, then treated with 20 ng

(H) and transwell (I) analyses, respectively. Results were uantified using ImageJ software.

0.01 versus Ctl; #p < 0.01 versus si-CDK9#1 + si-PEBP1P2, ##p < 0.001 versus si-CD
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hnRNPL to maintain the nucleosome position in macrophages. We
found that PEBP1P2 may be directly bound to CDK9 by bioinformat-
ics analysis, which was further confirmed using RIP analysis. Next, we
observed that PEBP1P2 knockdown distinctly increased CDK9
expression, while its levels declined after PEBP1P2 overexpression.
Interestingly, in contrast to PEBP1P2, CDK9 was upregulated in
PDGF-BB-treated human VSMCs and injured rat carotid arteries,
which suggested that CDK9 was probably capable of regulating
VSMC proliferation and migration, which has been proven in other
diseases. Sano et al.34 demonstrated that CDK9was increased and acti-
vated in cardiac hypertrophy, and its chronic activation predisposed
mice to heart failure. Tarhriz et al.35 showed that CDK9 was a crucial
factor in cardiac differentiation by inducingmiR-1/206 expression and
inhibiting miR-133. However, the function of CDK9 in VSMCs was
virtually unknown. Consequently, we investigated the role of CDK9
in regulating VSMCs. The results showed that the expression of
CDK9 could be increased by PEBP1P2 knockdown. Conversely,
CDK9 expression also could be offset by PEBP1P2 upregulation. In
addition, we have also proven that CDK9 regulated proliferation,
migration, and the expression of differentiation markers in both
resting and proliferating VSMCs, which have already been shown to
be closely associated with PEBP1P2. Collectively, our results suggested
that CDK9 serves as the target of PEBP1P2, which was strictly related
to VSMC proliferation, migration, and phenotypic transition.

Clinically, the cost of CVDs in human suffering and economic burden
is almost impossible to calculate because of its high incidence and
chronic course.36,37 Due to these characteristics of CVDs, they face
many difficulties in prevention and treatment. Recently, increasing
discoveries have shown that ncRNAs play a critical regulatory role
in atherosclerosis, mal-remodeling in cardiac hypertrophy, myocar-
dial ischemic reperfusion injury and infarction, and diabetic cardio-
myopathy.38–41 Additionally, several lncRNAs have been successfully
demonstrated as biomarkers or therapeutic targets for some CVDs.14

This information on lncRNAs has provided novel concepts on CVD
pathogenesis, and in some conditions promoted the opportunities for
early diagnosis and therapeutic intervention.42–44 In our study, we
found that PEBP1P2 was differentially expressed in CHD and healthy
people. In future studies, we plan to increase the sample size to further
study the crucial involvement of PEBP1P2 in different periods of
CHD, which may provide more convincing evidence in the diagnosis
of CHD in the future.

In conclusion, our data revealed that PEBP1P2 presented beneficial
protective effects against abnormal proliferation, migration, and
otype Switching,WhichWere Involved in the PEBP1P2Regulatory Pathway

both CDK9 and PEBP1P2 were knocked down. The mRNA and protein expression

) analysis. (C) CCK-8 analysis was used to analyze the cell proliferation after CDK9

ranswell (E) analysis for cell migration. (F) Western blotting analysis for the expression

y PDGF-BB (20 ng/mL) were determined by western blotting analysis. (H and I) The

/mL PDGF-BB as indicated. Cell proliferation andmigrationwere detected by CCK-8

Data are shown asmean ± SD. Scale bars, 100 mm. n = 3. *p < 0.05 versus Ctl, **p <

K9#1 + si-PEBP1P2 or si-CDK9 + PDGF-BB.



Figure 6. Overexpression of CDK9 Promoted VSMC Proliferation, Migration, and Phenotype Switching, Which Were Negatively Regulated by PEBP1P2

(A and B) pAsRed2-CDK9 was conducted to overexpress CDK9 in VSMCs. Both CDK9 and PEBP1P2 were overexpressed in the other group. The mRNA and protein levels

of CDK9 were measured by quantitative real-time PCR (A) and western blotting (B) analysis. (C) The cell proliferation after CDK9 overexpression or both CDK9 and PEBP1P2

overexpression in VSMCs was determined by CCK-8 analysis. (D and E) Wound-healing (D) and transwell (E) analysis for cell migration in each group. (F) Western blotting

analysis for the expression of contractile genes andCCND1 after CDK9 overexpression or both CDK9 and PEBP1P2 overexpression in VSMCs. Results were quantified using

ImageJ software. Data are shown asmean ± SD. Scale bars, 100 mm. n = 3. *p < 0.05 versus Ctl, **p < 0.01 versus Ctl, ***p < 0.001 versus Ctl; #p < 0.01 versus over-CDK9 +

si-PEBP1P2, ##p < 0.001 versus over-CDK9 + si-PEBP1P2.
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phenotypic switching of VSMCs and atherosclerosis mainly via tar-
geting the CDK9 pathway. In these pathological processes, PEBP1P2
works to restrain CDK9 expression in VSMCs through binding
directly to it (Figure 8). These findings implied that PEBP1P2 might
be a promising therapeutic target for atherosclerosis and CVDs with
dyshomeostasis of VSMCs.
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MATERIALS AND METHODS
Clinical Specimens

The peripheral blood samples were obtained from 56 individuals at
the affiliated hospital of Qingdao University (Qingdao, China) from
March 2018 to February 2019. Among them, there were 27 CHD pa-
tients without any stent implantation-confirmed lesion stenosis
R50% in any of the main epicardial coronary arteries (i.e., left
main artery, left anterior descending artery, left circumflex artery,
or right coronary artery) by angiography and 29 control samples
from healthy individuals without any diseases. These blood samples
were collected before taking any medicine. Sera were extracted
from the samples and stored at –80�C for RNA isolation and quanti-
tative real-time PCR analysis. Advanced carotid atherosclerotic pla-
que tissues were harvested from patients undergoing carotid endar-
terectomy for carotid stenosis. These tissues were usually discarded
after routine surgery, so these collections for the present work did
not have any adverse effects on the patients. The normal carotid in-
tima tissues were collected from voluntary body donors. The adven-
titial layers were removed, and the tissues were stored in liquid nitro-
gen for RNA isolation and quantitative real-time PCR analysis.
Exclusion criteria were diabetes, cancer, immunological diseases, he-
matological disorder, or infection. Informed consent was required for
all people. The Research Ethics Committees of The Affiliated Hospital
of Qingdao University approved this study, and all experiments were
conducted following the principles of the Declaration of Helsinki.
Cell Culture, Transfection, and Treatment

VSMCs (a human aortic smooth muscle cell line) (ATCC, Manassas,
VA, USA) were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum
(FBS) (ExCell Bio, Shanghai, China), penicillin (50 U/mL), and strep-
tomycin (50 mg/mL) in a humidified atmosphere at 37�C and 5%
CO2. According to the manual of the manufacturer, cells were trans-
fected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).

For PDGF-BB induction experiments, VSMCs were treated with
PDGF-BB (20 ng/mL, Calbiochem, Burlington, MA, USA) for 12
or 24 h.
Preparation of siRNA, Plasmid Expression Vector, and In Vivo

Transfection Cocktail

The siRNA sequence specially targeting PEBP1P2 or CDK9 was de-
signed and synthesized (GenePharma, Shanghai, China). VSMCs
with knockdown of PEBP1P2 or CDK9 were achieved by stably
transfecting si-PEBP1P2 or si-CDK9 and transfected with control
Figure 7. PEBP1P2 Impeded Neointima Formation and VSMC Phenotype Trans

(A) Systematic administration of cocktail in rat carotid balloon injury model. (B) The in

PEBP1P2/PEI/PEG complexes in the carotid balloon injury model. (C) Quantitative real-ti

pcDNA3.0/PEI/PEG or pcDNA3.0-PEBP1P2/PEI/PEG cocktail-infected rat carotid arte

from pcDNA3.0/PEI/PEG or pcDNA3.0-PEBP1P2/PEI/PEG cocktail-infected rat carotid

(F) Western blot analysis of the level of contractile markers and CDK9 in carotid arteries

software. Data are shown as mean ± SD. Scale bar, 100 mm. n = 5 for (B)–(D). *p < 0.0
non-silencing siRNA as control following the RNAi manual of the
manufacturer. The sequences of the siRNA oligonucleotides are pre-
sented in Table S2.

The PEBP1P2 sequence was synthesized and subcloned into the
pcDNA3.0 vector (BGI, Shenzhen, China), and the cDNA that en-
coded the CDS of CDK9 was multiplied via PCR and subcloned
into the SalI and EcoRI sites of the pAsRed2 vector. VSMCs with
ectopic expression of lncRNA PEBP1P2 or CDK9 were achieved by
stably transfecting pcDNA3.0-PEBP1P2 or pAsRed2-CDK9, and
VSMCs were transfected with empty pcDNA3.0 or pAsRed2 vector
as control, respectively.

The plasmid/PEI/PEG cocktail was prepared by mixing the solution
of plasmids and aldehyde-PEG (molecular weight [MW] of 20,000
Da, Solarbio, Beijing, China), followed by the addition of dendritic
PEI (MW of 20,000, Polysciences, Warrington, PA, USA) solution.
The pH of the final solution was adjusted to 8.0, and the molar ratio
of plasmid/PEI/PEG was 1:10:100. The detailed steps were performed
as described previously.25

Rat Carotid Artery Injury Model, In Vivo Transfection, and

Imaging

Male Sprague-Dawley rats (300–350 g) were purchased from Vital
River Laboratory Animal Technology (Beijing, China) for this study.
The rat carotid artery injury models were conducted according to pre-
vious reports.23,45 Briefly, rats were anesthetized by an intraperitoneal
injection of 10% chloral hydrate solution (300 mg/kg) and then in-
jected with heparin (200 U/kg) by tail vein to prevent thrombosis.
The 8 � 1.2-mm coronary dilatation catheter (Mini TREK, Abbott
Laboratories, Chicago, IL, USA) was placed into the common carotid
artery via the left external carotid artery. The balloon was inflated (8
atmospheres [atm], 5 s) and partially withdrawn and reinserted three
times to ensure endothelial injury completely. The catheter was
removed, the external carotid artery was then permanently ligated,
and the blood flow in the common carotid artery and its inner branch
was restored. The common carotid artery was only isolated without
dilatation injury as the sham group. Rats were sacrificed after 3, 7,
and 21 days, and aortic tissues were collected for RNA extraction
for subsequent PEBP1P2 detection.

In vivo transfection was performed using a plasmid/PEI/PEG cocktail.
The suspension of the cocktail of plasmids coding the PEBP1P2 gene
(3.5 mg/kg) was injected into the tail vein after the balloon injury
every 7 days for a total of 21 days, and saline or cocktail of empty plas-
mids were injected respectively as controls. After 21 days, the left
formation In Vivo

vivo bioluminescence images of the biodistribution of Cy5.5-labeled pcDNA3.0-

me PCRwas performed to detect the expression of PEBP1P2 in carotid arteries from

ries at 21 days after balloon injury. (D) Representative H&E-stained arterial sections

arteries after balloon injury. (E) Morphometric analysis of the ratio of intima to media.

in each group on day 21 after balloon injury. Results were quantified using ImageJ

5 versus Injury + pcDNA3.0/PEI/PEG cocktail.
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Figure 8. Schematic Diagram Showing the

Regulatory Roles of PEBP1P2 in Atherosclerosis

PEBP1P2 might directly bind to CDK9 to restrain its

expression and inhibit p-p38 and p-c-Jun expression.

This process was connected with VSMC proliferation,

migration, and phenotype switching. As a consequence,

PEBP1P2 suppressed atherosclerosis by regulating

CDK9 expression.
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uninjured common carotid artery and the injured artery were respec-
tively taken out either for total RNA and protein extraction or OCT
(optimum cutting temperature) embedding.

In order to investigate the targeting capability of the cocktail in
injured arteries, the complexes labeled with the fluorescence dye
CY5.5 were injected via tail vein after the balloon injury. The rats
were anesthetized for a whole-body IVIS (Caliper Life Sciences, Hop-
kinton, MA, USA) 6 h later. Then, the rats were euthanized, and ca-
rotid arteries were dissected for fluorescence imaging immediately.
The right uninjured carotid artery served as control.

RNA Isolation, Reverse Transcription, and Quantitative Real-

Time PCR

Total RNA was abstracted from the blood, tissue, and cell samples
with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then, the
cDNA synthesis was achieved with a PrimeScript reverse transcrip-
tion (RT) reagent kit (Takara, Kyoto, Japan). Quantitative real-time
PCR was implemented using Hieff UNICON Power qPCR SYBR
Green master mix (Yeasen, Shanghai, China). GAPDH was used as
an endogenous control. The DDCt method was performed for anal-
ysis of relative gene expression data. All experimental procedures
were conducted according to the instructions of the manufacturers.
PCR primers are shown in Table S3.

Western Blot Analysis

Cells were washed twice in PBS solution and lysed with radioimmu-
noprecipitation assay (RIPA) buffer (Solarbio, Beijing, China) ac-
cording to the instructions of the manufacturer. Protein concentra-
tion was measured using the bicinchoninic acid (BCA) (Solarbio,
Beijing, China) method. Then, the protein was heated in SDS-
96 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
PAGE loading buffer (Solarbio, Beijing, China)
at 95�C for 5 min, equal quantities of protein
were isolated using 10% SDS-PAGE, and gels
were imprinted onto the 0.45-mm polyvinyli-
dene fluoride (PVDF) membrane. After block-
ing in Tris-buffered saline with Tween 20
(TBS-T) and 5% fat-free milk for 1 h, primary
antibodies (a-SAM, ab5694, 1:2,000, Abcam;
SMHC, ab53219, 1:2,000, Abcam, Cambridge,
MA, USA; CNN1, 24855-1-AP, 1:3,000, Pro-
teintech; CCND1, 60186-1-Ig, 1:5,000, Protein-
tech, Chicago, IL, USA; CDK9, #2316, 1:1,000,
Cell Signaling Technology, Boston, MA, USA;
Akt, #4691, 1:1,000, Cell Signaling Technology, Boston, MA, USA;
p-Akt (Ser473), #4060, 1:1,000, Cell Signaling Technology, Boston,
MA, USA; c-Jun, #9165, 1:1,000, Cell Signaling Technology, Boston,
MA, USA; p-c-Jun, #91952, 1:1,000, Cell Signaling Technology, Bos-
ton, MA, USA; p38, #9212, 1:1,000, Cell Signaling Technology, Bos-
ton, MA, USA; p-p38, #4511, 1:1,000, Cell Signaling Technology, Bos-
ton, MA, USA; p65, #8242, 1:1,000, Cell Signaling Technology,
Boston, MA, USA; p-p65, bs-17502R, 1:1,000, Bioss Antibodies, Bei-
jing, China; and GAPDH, CAB932MI22, 1:5,000, Cloud-Clone, Wu-
han, China) were applied. The secondary antibodies were purchased
fromAbcam. Images were detected by the Fusion SoloS system (Paris,
France), and band densities were quantified using ImageJ 1.5.1.

Cell Proliferation Analysis

Cells were sowed in 96-well plates, and then cell proliferation was
tested by the Cell-Light EdU Apollo 567 in vitro kit (RiboBio,
Guangzhou, China) and CCK-8 (Yeasen, Shanghai, China). The
experimental procedures were conducted according to the instruc-
tions of the manufacturer. Optical density was measured by ImageJ
1.5.1.

Cell Migration Analysis

Detection of cell migration was accomplished by wound healing and
transwell assays, respectively.

Wound Healing Assay

VSMCs were seeded in six-well plates for the wound healing assay.
Wounds through the cell monolayer were made by 1,000-mL plastic
tips after cells were treated for 12 h, and images were taken using a
Nikon Ti-S inverted phase-contrast microscope (Nikon, Tokyo,
Japan) at different times.
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Transwell Assay

VSMCs were cultured in DMEMmedium with 10% FBS for 24 h after
treatment. Then, the treated cells (1� 105 cells) were trypsinized and
seeded into chambers (8-mm pores, 24-well format, Corning Life Sci-
ences, Corning, NY, USA) in FBS-free DMEM medium (200 mL).
Chambers were then dipped into lower chambers with 10% FBS me-
dium (500 mL) and/or containing PDGF-BB (20 ng/mL, PeproTech,
NJ, USA) for 24 h. Next, cells in lower membranes were fixed with
4% paraformaldehyde after removal of medium and stained with
0.1% gentian violet for 0.5 h, separately. Images with five stochastic
fields per membrane were obtained with a Nikon Ti-S inverted
phase-contrast microscope.

Wound healing areas and migrated cell numbers were measured by
ImageJ 1.5.1.

RIP

Approximately 1� 107 VSMCs were used for each sample. Cells were
cleaned twice by PBS and lysed with RIPA buffer (Solarbio, Beijing,
China) with ribonuclease inhibitor (Solarbio, Beijing, China) for
5 min. Lysates were centrifuged at 12,000 rpm at 4�C for 4 min and
supernatants were collected to determine protein concentration by
a BCA assay. Subsequently, protein (500 mg) and magnetic beads
(30 mL) were incubated with CDK9 antibody (5 mg) or control mouse
immunoglobulin G (IgG) (5 mg) overnight at 4�C, respectively. The
protein, beads, and RNA complexes were immunoprecipitated, and
then RNA was abstracted using TRIzol followed by reverse transcrip-
tion, RT-PCR, and agarose gel electrophoresis.

Fluorescence Confocal Microscopy

VSMCs were seeded on coverslips for 24 h. Then, cells were washed
twice in PBS solution and fixed with 4% paraformaldehyde for
15 min. Next, cells were incubated with anti-CDK9 antibody (Cell
Signaling Technology, #2316, rabbit, 1:100) and subsequently with
fluorescein isothiocyanate (FITC)-conjugated AffiniPure goat anti-
rabbit IgG (#111-095-003, 1:100, Jackson ImmunoResearch, West
Grove, PA, USA). DAPI was used to stain nuclei. Images were taken
by a Leica TCS SP8 confocal laser scanning microscope. Optical den-
sity was measured using ImageJ 1.5.1.

Sectioning and Hematoxylin and Eosin (H&E) Staining

Serial cross-sections of carotid arteries (8 mm) were obtained at the
injured area, and six sections from each vessel were collected for
morphometric analysis. H&E staining was performed following the
instructions of the H&E staining kit (Meilunbio, Dalian, China),
and images were captured by a Nikon Ti-S inverted phase-contrast
microscope. For the quantitative analysis, areas of intima and media
were measured using ImageJ software.

Statistical Analysis

Continuous and categorical variables are represented as mean ± SD
and number (percentages), respectively. Statistical analysis was per-
formed via GraphPad Prism 8.0 and SPSS 25.0. Statistical differences
were measured through unpaired Student’s t tests, one-way ANOVA
with a Tukey’s post hoc test, or a Mann-Whitney test depending on
the distribution of variables. p < 0.05 was considered statistically sig-
nificant. Each experiment was repeated at least three times.
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