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ORIGINAL RESEARCH

Long Noncoding RNA TPRG1-AS1 Suppresses 
Migration of Vascular Smooth Muscle Cells and 
Attenuates Atherogenesis via Interacting With 
MYH9 Protein
Xiaoxiao Ren ,* Huijuan Zhu ,* Keyong Deng , Xiaotong Ning, Lin Li , Dan Liu, Bin Yang , Chenyang Shen,  
Xianqiang Wang, Naqiong Wu, Shufeng Chen , Dongfeng Gu , Laiyuan Wang

BACKGROUND: Migration of human aortic smooth muscle cells (HASMCs) contributes to the pathogenesis of atherosclerosis. 
This study aims to functionally characterize long noncoding RNA TPRG1-AS1 (tumor protein p63 regulated 1, antisense 1) in 
HASMCs and reveal the underlying mechanism of TPRG1-AS1 in HASMCs migration, neointima formation, and subsequent 
atherosclerosis.

METHODS: The expression of TPRG1-AS1 in atherosclerotic plaques was verified a series of in silico analysis and quantitative 
real-time polymerase chain reaction analysis. Northern blot, rapid amplification of cDNA ends and Sanger sequencing were 
used to determine its full length. In vitro transcription-translation assay was used to investigate the protein-coding capacity of 
TPRG1-AS1. RNA fluorescent in situ hybridization was used to confirm its subcellular localization. Loss- and gain-of-function 
studies were used to investigate the function of TPRG1-AS1. Furthermore, the effect of TPRG1-AS1 on the pathological 
response was evaluated in carotid balloon injury model, wire injury model, and atherosclerosis model, respectively.

RESULTS: TPRG1-AS1 was significantly increased in atherosclerotic plaques. TPRG1-AS1 did not encode any proteins and 
its full length was 1279nt, which was bona fide a long noncoding RNA. TPRG1-AS1 was mainly localized in cytoplasmic and 
perinuclear regions in HASMCs. TPRG1-AS1 directly interacted with MYH9 (myosin heavy chain 9) protein in HASMCs, 
promoted MYH9 protein degradation through the proteasome pathway, hindered F-actin stress fiber formation, and finally 
inhibited HASMCs migration. Vascular smooth muscle cell-specific transgenic overexpression of TPRG1-AS1 significantly 
reduced neointima formation, and attenuated atherosclerosis in apolipoprotein E knockout (Apoe−/−) mice.

CONCLUSIONS: This study demonstrated that TPRG1-AS1 inhibited HASMCs migration through interacting with MYH9 protein 
and consequently suppressed neointima formation and atherosclerosis.
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Atherosclerotic cardiovascular diseases, such as cor-
onary artery disease (CAD),1,2 cerebral infarction,2 
and peripheral vascular diseases,3 are main causes 

of morbidity and mortality worldwide.4 The most distinc-
tive feature of atherosclerotic cardiovascular diseases is 
the formation of atherosclerotic plaque. The majority of 
cells in atherosclerotic plaque are derived from migrated 
vascular smooth muscle cells in media.5 The thicken-
ing of vascular intima caused by aberrant proliferation 
and migration from the media to the intima of vascular 
smooth muscle cells (VSMCs) triggers vascular remodel-
ing,6 which is the critical step in the pathogenesis of ath-
erosclerosis and restenosis after coronary angioplasty.7-10

Long noncoding RNAs (lncRNAs), widely expressed 
in mammals, are a class of RNA molecules with a length 
longer than 200 nucleotides (nt) and rarely encode 
proteins.11–13 LncRNAs play an extensive role in vari-
ous biological activities including chromatin remodeling, 
alternative splicing, genomic imprinting, cell cycle regula-
tion, and so on,14–16 by regulating gene expression at the 
transcriptional, posttranscriptional, and epigenetic levels. 
Several lncRNAs were reported to play crucial roles in 
regulating VSMC phenotype switching via interacting 
with proteins. For example, lncRNA AK098656 induced 
VSMC phenotype switching by promoting MYH11/
FN1 protein degradation.17 Antisense noncoding RNA 
in the INK4 locus (ANRIL) acted as a modular scaffold 
of WDR5 and HDAC3 complexes and promoted human 
aortic smooth muscle cell (HASMC) phenotype transi-
tion.18 Cardiac mesoderm enhancer-associated noncod-
ing RNA (CARMN) promoted a contractile phenotype of 
HCASMCs by directly binding to MYOCD.19 However, 
the regulatory roles and underlying mechanisms of the 
overwhelming majority of lncRNAs in HASMCs pheno-
type switching and vascular remodeling need to be fully 
elucidated.

LncRNA TPRG1-AS1 (tumor protein p63 regulated 1, 
antisense 1) was a novel diagnostic biomarker for CAD 

based on transcriptome-wide lncRNA expression profile 
(GSE113079) in our previous study, and loss of TPRG1-
AS1 regulated the expression of inflammation-related 
genes and its nearby genes in THP-1-derived mac-
rophages.20 However, the critical roles and underlying 
molecular mechanisms of TPRG1-AS1 in HASMCs phe-
notype switching and atherosclerosis remains unclear. 
The present study identified TPRG1-AS1 as a previously 
unrecognized inhibitor of HASMCs migration, neointima 
formation, and atherosclerosis through interacting with 
MYH9 (myosin heavy chain 9) protein.

MATERIALS AND METHODS
Data Access
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Animals
The ROSA26 TPRG1-AS1 transgenic mice were generated 
by CRISPR/Cas9-based knock-in approach (Figure S1) by 
Beijing Biocytogen Co, Ltd. Briefly, sgRNAs were designed 
by CRISPR design tool (http://crispr.mit.edu). The gene tar-
geting vector containing 5’ homologous arm, target fragment 
(LSL-TPRG1-AS1), DSBs generated by Cas9/sgRNA were 
repaired by using 3’ homologous arm as a template. The syn-
thesized exogenous fragment was ligated into ROSA-based 
vector to form targeting vector. To add T7 promoter sequence 
to the Cas9 or sgRNA template, the PCR amplification in vitro 
was performed. Then, for fertilized C57BL/6N eggs at one-
cell stage, the Cas9 mRNA, targeting vector, and sgRNAs were 
co-injected into its cytoplasm, which were transferred into ovi-
ducts of pseudopregnant Kunming female mice. Finally, F0 mice 
with expected genotype were obtained. In order to establish 
germline-transmitted F1 heterozygous mice, they were mated 

Nonstandard Abbreviations and Acronyms

CAD coronary artery disease
HASMC human aortic smooth muscle cell
lncRNA long noncoding RNA
MASMC murine aortic smooth muscle cell
MYH9 myosin heavy chain 9
NMMHC-IIA  non-muscle myosin heavy chain II-A
RACE rapid amplification of cDNA ends
RIP RNA immunoprecipitation
scRNA-seq single-cell RNA-seq
TPRG1-AS1  tumor protein p63 regulated 1, anti-

sense 1
VSMC vascular smooth muscle cell

Highlights

• TPRG1-AS1 (tumor protein p63 regulated 1, anti-
sense 1) significantly increased in atherosclerotic 
plaques, was identified as bona fide a lncRNA, and 
characterized with the full length of transcript and 
the subcellular location in human aortic smooth 
muscle cells.

• Functionally, TPRG1-AS1 could regulate human 
aortic smooth muscle cells migration rather than 
proliferation.

• Mechanistically, TPRG1-AS1 directly interacted 
with MYH9 (myosin heavy chain 9) protein in human 
aortic smooth muscle cells, promoted MYH9 pro-
tein degradation and hindered F-actin stress fiber 
formation.

• Vascular smooth muscle cell–specific transgenic 
overexpression of TPRG1-AS1 significantly reduced 
neointima formation and attenuated atherosclerosis 
in apolipoprotein E knockout (Apoe−/−) mice.
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with C57BL/6N mice. The genotype of F0 and F1 (TPRG1-
AS1loxp/loxp) heterozygous mice were further verified by tail 
genomic DNA PCR and sequencing, as well as southern blot. 
To produce VSMC-specific transgenic mice, TPRG1-AS1loxp/loxp 
mice were crossed with Tagln-Cre/+ mice and Apoe−/− mice to 
obtain VSMC-specific TPRG1-AS1 transgenic mice (TPRG1-
AS1SMCKI) with TPRG1-AS1loxp/loxp mice as control, and TPRG1-
AS1SMCKIApoe−/− mice with TPRG1-AS1loxp/loxpApoe−/− mice as 
control, respectively. The genotype condition and primers are 
listed in Table S1. Sex is considered as a biological variable.21 
Estrogens have inhibitory effect on diet-induced atherosclero-
sis and neointimal formation after carotid artery injury of ani-
mal models as reported previously.22,23 Therefore, to accelerate 
lesion formation, only male animals were used in the present 
study. Male TPRG1-AS1SMCKI mice and their age-matched male 
control littermates were used for carotid wire injury model and 
primary cell isolation. Male TPRG1-AS1SMCKIApoe−/− mice and 
their age-matched male control littermates were used for ath-
erosclerotic model. All animals were housed at controlled tem-
perature (22±2 °C) and humidity (55±5%) with a 12:12 hours 
light-dark cycle. All animal experiments were performed in 
accordance with relevant guidelines and regulations and were 
approved by the Animal Care and Use Committee at Fuwai 
hospital, China.

Animal Experimental Design
The design of atherosclerosis model was in compliance 
with the guidelines for experimental atherosclerosis studies 
described in the AHA Statement.24 The sample size was cal-
culated by Power Analysis and Sample Size (PASS) software 
(PASS 15.0.5) with a level of significance of 0.05 and a power 
of 0.9. TPRG1-AS1WT and TPRG1-AS1SMCKI mice were housed 
together randomly in multiple cages to reduce cage bias. All 
animals were fed with the standard laboratory diet (Beijing HFK 
Bioscience Co, Ltd, 1025). The diets of 8-week-old TPRG1-
AS1SMCKIApoe−/− and control mice (20-30g) were switched to 
high-fat diet (HFD, Beijing HFK Bioscience Co., Ltd, H10141) 
for 20 weeks (study endpoint). The information of animal diet 
was described in Table S2. Body weight was monitored weekly 
throughout the HFD feeding period. The mice plasma and 
whole aortas were collected after 20 weeks. Total cholesterol 
(TC) and triglyceride (TG) levels were measured with assay 
kits (Zhongshengbeikong Biotech Co, Ltd, China) according to 
the manufacturer’s protocol. All quantitative analysis of images 
were performed in a blinded fashion to genotype. For animal 
experiments, mice were anesthetized with mixed anesthetic (9 
mg sodium pentobarbital, 0.4 ml propylene glycol, 0.1 ml 95% 
absolute ethanol, 0.5 ml normal saline per milliliter) by intraperi-
toneal injection, and Sprague-Dawley rats were anesthetized 
with pentobarbital sodium (30 mg/kg bodyweight, IP) as previ-
ously described.25 The adequacy of anesthesia and euthana-
sia was confirmed by the absence of reflex response to foot 
squeeze. Carbon dioxide (CO2) euthanasia box and an intra-
peritoneal injection of sodium pentobarbital (40 mg/kg) were 
used for euthanasia.

En face Oil Red O Staining
As previously described,24 the mice aortas harvested after 
high-fat diet feeding were processed for en face Oil red O 
staining. Briefly, fat and adventitial tissues of the aorta were 

carefully removed under a dissecting microscope and the aorta 
was cut longitudinally to expose the intimal surface followed 
by staining with freshly made Oil red O (ORO). Excess oil red 
O solution was removed by methanol. Plaque area analysis 
was carried out using Image Pro Plus software version 6.0 
(RRID:SCR_016879, Media Cybernetics, Inc).

Atherosclerotic Lesion Quantification of Aortic 
Root
The hearts of diet-induced mice were embedded in paraffin. As 
previously described,24 the aortic root from the origin of the aor-
tic valve leaflets to the ascending aorta was evenly sliced into 
5-μm several serial sections. For atherosclerotic lesion quantifi-
cation, 3 serial sections from the first appearance of all 3 valve 
leaflets were collected at 80-μm intervals. The plaque area was 
calculated as the difference between the total aortic root area 
and aortic root luminal area, which was reported as the average 
of 3 sections. The plaque area and positive area analysis was 
carried out using ImageJ software (NIH, RRID:SCR_003070).

Tissue Samples
The carotid atherosclerotic plaques of patients undergo-
ing carotid endarterectomy and the internal mammary artery 
specimens were obtained from Fuwai Hospital (Beijing, China). 
The ethical approval of this study protocol was obtained from 
the Ethics Committee of Fuwai Hospital. In accordance with 
the Declaration of Helsinki, the written informed consent was 
obtained from all participants or their families. The clinical infor-
mation of patients was described in Table S3.

Bioinformatics Analysis of Public Microarray 
Datasets and Bulk RNA-seq Datasets
To compare the expression of TPRG1-AS1 in human nor-
mal arterial intimae and advanced atherosclerotic plaques, 
microarray data of 3 advanced atherosclerosis samples and 
3 normal intima tissues (GSE97210) were analyzed using 
NCBI online GEO2R tool and annotated with the annota-
tion file of Agilent-045997 Arraystar human lncRNA micro-
array V3 (GPL16956). To explore the expression pattern of 
TPRG1-AS1 in stable and unstable regions of human athero-
sclerotic plaques, Fragments Per Kilobase of exon per Million 
fragments mapped (FPKM) values of RNA sequencing data 
(GSE120521) were downloaded from the Gene Expression 
Omnibus (GEO) (RRID:SCR_005012). Normalized expression 
value of TPRG1-AS1 for each sample in each group was used 
for analysis and visualization.

Single-Cell RNA-Seq Analysis
To explore the expression of MYH9 gene in different types 
of vascular cells, single-cell RNA-seq (scRNA-seq) datas-
ets of human coronary arteries (GSE131778) and aortic root 
and ascending aorta of SMC lineage tracing Apoe−/− mice 
at baseline, after 8 weeks or after 16 weeks of HFD feed-
ing (GSE131776) were downloaded from GEO database. The 
R package Seurat was applied for the quality control, dimen-
sionality reduction, and clustering of cell subpopulations. We 
performed principal component analysis and reduced the data 
to the top 30 principal component analysis components after 
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scaling the data. We visualized the clusters on a 2D map pro-
duced with t-SNE and identified cell types and subtypes by 
nonlinear dimensional reduction. Cells were clustered using 
graph-based clustering of the principal component analy-
sis reduced data with the Louvain Method after computing a 
shared nearest neighbor graph. For each cluster, the Wilcoxon 
Rank-Sum Test was used to find significant deferentially 
expressed genes comparing the remaining clusters. SingleR 
and known marker genes were used to identify cell type. The 
t-distributed stochastic neighbor embedding (t-SNE) was used 
to visualize the normalized data of MYH9 gene in different cell 
clusters on a 2D map.

Cell Culture, Transfection, and Infection
Cells were cultured at 37 °C in an incubator with 5% CO2. 
All cell lines were tested negative for mycoplasma contami-
nation. HASMCs were used from passages 3 to 6 in the 
following experiments. Cells were seeded at a density of 
1.0×105 cells per well in a 12-well plate 24 hours prior to 
the transfection, and transfected with 50 nM of the indi-
cated siRNAs (Table S3) using LipofectamineTM RNAiMax 
(Invitrogen) according to the manufacturer’s instructions. 
For adenovirus mediated overexpression, Ad-TPRG1-AS1 
or Ad-MYH9 (Vigenebio, Shandong, China) was added into 
the culture medium for 48 hours. A recombinant adeno-
virus encoding enhanced GFP (Ad-GFP) was used as a 
negative control.

Quantification of Copy Number
The solution of TPRG1-AS1 recombinant plasmids was 
gradient-diluted. Then, the Ct values of TPRG1-AS1 of 
serial dilutions of plasmids and RNA isolated from a defined 
amount of HASMCs were determined by qPCR assay. The 
Ct values of TPRG1-AS1 of serial dilutions of plasmids 
were used to construct the standard curve equation (loga-
rithmic value with the amplification starting copy number 
taken 10 as the ordinate [y] and corresponding cycle num-
ber as the abscissa [x]). The copy number of TPRG1-AS1 
in HASMCs per cell is calculated according to number of 
cells and Ct values. Each biological replicate included 3 
technical replicates.

RACE Assay
The full-length transcript of TPRG1-AS1 was confirmed 
using rapid amplification of cDNA ends (RACE) assay, 
which were performed using the SMARTer RACE 5’/3’ Kit 
(Clontech Laboratories, Mountain View, CA) according to 
the manufacturer’s instructions. For the nested PCR, we 
designed and synthesized at least 2 sets of primers. The 
PCR products were separated on a 1.0% agarose gel. The 
results of electrophoresis were confirmed, and the ampli-
fied bands were sequenced by cloning to the pEASY-Blunt 
Simple and then translate to Trans T1 bacteria. Single col-
onies were selected for sequencing and the sequencing 
results were compared and analyzed. The cycling parame-
ters were: RACE 25×(94 °C 30 seconds, 68 °C 30 seconds, 
72°C 3 minutes). The sequences of the oligonucleotide 
primers and probes used for the reverse transcription RACE 
PCR were described in Table S7.

Northern Blot
Briefly, total RNA was extracted from HASMCs using Trizol 
reagent (Invitrogen life technologies, Carlsbad, CA). For 7.5 M 
urea-12% formaldehyde (PAA) denaturing gel electrophore-
sis, we used 20 μg of total RNA, which was transferred to a 
Hybond N+ nylon membrane (Amersham, Freiburg, Germany). 
The membrane was crosslinked by UV irradiation for 2 min. The 
antisense DNA probe of TPRG1-AS1 was used for hybridiza-
tion. The membrane was washed 2× with 2×SSC+0.1% SDS 
solutions (Invitrogen life technologies, Carlbad, CA) at 42 °C for 
20 minutes. And then the membrane was exposed to Kodak 
XAR-5 films (Sigma-Aldrich Chemical). As a positive control, all 
the membranes were hybridized with human U6 probe. All the 
probe sequences were described in Table S8.

RNA Immunoprecipitation Assay
According to the manufacturer’s instructions, RNA immunopre-
cipitation (RIP) assay was performed using EZ-Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Millipore-17-701). 
Then, 2.0×106 HASMCs were lysed in 100 μL RIP lysis buffer, 
and the whole cell extract (90 μL) was incubated with human 
anti-MYH9 antibody (ab238131; Abcam, Cambridge, MA) or 
negative control rabbit IgG (ab172730; Abcam, Cambridge, 
MA) in RIP buffer containing protein complexes bound by A/G 
magnetic beads. The TPRG1-AS1 levels in the precipitates 
were determined by qPCR. Two independent TPRG1-AS1 
primers used for RIP assay were described in Table S9.

RNA Pull-Down, Silver Staining, and Mass 
Spectrometry Analysis
For biotinylated RNA generation, PCR products were used 
for in vitro transcription with T7 RNA polymerase (Roche, 
Catalog No. 10881767001). The RNA was biotinylated at 
its 3′ end, using the Biotin Labeling Mix (Roche, Catalog No. 
11685597910). Biotinylated RNA probes were incubated with 
streptavidin magnetic beads (Invitrogen, Catalog No. 15942-
050) according to the manufacturer’s instructions. Total cel-
lular proteins were extracted by RIPA lysis buffer containing 
complete protease inhibitor (Roche, Germany). A total of 1 mg 
total cellular proteins was added to the RNA-bound streptavi-
din magnetic beads, and the complex was incubated at room 
temperature for 1 hour. The complex was then centrifugated at 
a speed of 1000 rpm for 10 minutes and was washed 3 times 
with wash buffer. The RNA-bound proteins were eluted in 50 
μL 5×SDS sample buffer, denaturized at 95 °C for 10 minutes, 
and resolved by SDS-PAGE on 8% acrylamide gel (Bio-Rad, 
Hercules, CA). RNA-bound proteins were visualized by silver 
staining (Beyotime, China, Cat. P0017S), and protein bands 
of interest were excised and sequenced by mass spectrom-
etry (MS) at Shanghai LuMing Biological Technology Co. Ltd 
(Shanghai, China).

Chromatin Isolation by RNA Purification Assay
Chromatin isolation by RNA purification experiment was 
used to validate the target protein that is directly binding to 
TPRG1-AS1. Protein-RNA interactions were measured 
according to the manufacturer’s instructions. Briefly, 20-mer 
antisense DNA probes targeting TPRG1-AS1 RNA, as well 
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as the negative control lacZ RNA, were designed such that 1 
probe covered every 100 bp of RNA, with a target GC% of 
45. All probes were biotinylated at the 3’ end. First, cultured 
cells (>2.0×106 cells) were UV cross-linked by 240 to 960 mJ, 
and 1 mL pre-cooled PBS containing 10 μL Halt Cocktail was 
added, the cells were scraped off. 1 mL lysis buffer suspension 
cells containing protease inhibitors were added to the UV cross-
linked cells. If viscous substances were produced, the genome 
could be disrupted by ultrasound treatment. TPRG1-AS1 and 
its interacting proteins were precipitated using Streptavidin 
Magnetic Beads (Invitrogen, CA). RNA was eluted with RNA 
pK buffer and Proteinase K and then isolated using Trizol 
reagent. Protein was eluted with a cocktail of RNase A (Sigma-
Aldrich) and RNase H (Epicenter), and DNase I (Invitrogen). 
TPRG1-AS1 isolation was validated by quantitative real-time 
polymerase chain reaction (qRT-PCR) analysis, and proteins 
were identified by Western blot. Primers and probes used for 
chromatin isolation by RNA purification assay were described 
in Tables S9 and S10, respectively.

Secondary Structure Prediction for LncRNA 
TPRG1-AS1
The secondary structure of the full-length sequence of LncRNA 
TPRG1-AS1 was predicted on RNAfold WebServer (http://rna.
tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) based on 
the minimum free energy (MFE).

RNA Fluorescence In Situ Hybridization
RNA fluorescence in situ hybridization was used to determine 
the localization of TPRG1-AS1 in HASMCs. The cell slides 
were placed on the bottom of the 24-well plate, and then a 
certain number of cells (6×104) were seeded on the cell slide. 
After 24 hours of culture, the cell fusion reached 60% to 70%, 
then the cell slides were fixed with 4% of formaldehyde solu-
tion for 20 minutes. In brief, after fixation, slides were incubated 
with cold permeable solutions for 5 minutes at 4 °C and prehy-
bridized for 30 minutes at 37 °C. Hybridization with DIG-labeled 
TPRG1-AS1 probes or DIG-labeled U6 probes (Ribobio, 
China) was performed overnight at 37 °C, respectively. Next, 
the cell slides were washed with PBS and incubated with DAPI 
staining solutions (Invitrogen, Carlsbad, CA) for 10 minutes at 
room temperature. Glass slides were mounted on slides using 
fluorescence mounting medium (Antifade) (Beyotime, Beijing, 
China). Fluorescence was detected with laser scanning confo-
cal microscope (Olympus, Tokyo, Japan). U6 was used as the 
internal reference (all the experiments performed according to 
the manufacturer’s instructions). The reagents used have been 
listed in Major Resources Table.

RNA Isolation and Quantitative Real-Time 
Polymerase Chain Reaction
Total RNA from HASMCs was isolated with TRIzol reagent 
(Invitrogen, Carlsbad) according to the manufacturer’s protocol. 
RNA quantity was assessed using NanoDrop 2000 (NanoDrop 
Products, Wilmington, DE). One micrograms of total RNA was 
reverse transcribed using a Transcriptor First Strand cDNA 
Synthesis Kit (Roche, Germany) according to manufacturer’s 
instructions. qRT-PCR was done with an ABI PRISM 7900 

system (Applied Biosystems, Foster City) according to stan-
dard methods. Primers used for qRT-PCR were described in 
Table S5. The relative mRNA expression levels were calculated 
using the 2−ΔΔct method normalized to the housekeeping gene 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each 
biological replicate included 3 technical replicates.

Western Blotting
Cells were lysed with RIPA buffer containing complete prote-
ase inhibitor (Roche, Germany) for 30 minutes on ice, lysate 
was centrifuged at 12 000 rpm for 5 minutes at 4 °C and the 
supernatant was retained. An equal amount of protein samples 
was loaded into a 10% SDS-polyacrylamide gels or a 4% 
to 12% Bris-Tris gel (GenScript) and then electroblotted to 
nitrocellulose membrane. Band density was quantified using 
Quantity One1-D Analysis Software (Bio-Rad Laboratories, CA, 
RRID:SCR_014280). The antibodies used have been listed in 
Major Resources Table. Please see the Major Resources Table 
in the Supplemental Material.

Cell Proliferation Assay
For the proliferation assays in vitro, HASMCs (1×105 cells/
well) were seeded in 96 well-plates and incubated for 24 hours. 
After experiment treatment at 0, 24, 48, 72 hours, 10 μL of 
WST-8solution(2-[2-methoxy-4nitrophenyl]-3-[4-nitrophenyl]-
5-[2,4-disulfophenyl]-2H-tetrazolium, monosodium salt) was 
added into each well. Three biological replicates were used for 
each experimental group (Each biological replicate included 
5 technical replicates). Plate was incubated for 2 hours in an 
incubator with 5% CO2 at 37 °C, and then the absorbance value 
was measured at 450 nm using a microplate reader.

Cell Migration Assay
Migration assays were performed with transwell plates with 
8-μm pore size (3422; Costar, Cambridge, MA). The cell den-
sity was adjusted to 3.0×105/mL, and 100 μL cell suspension 
was added to the top chamber of a 24-well transwell plate. 
The serum-free SMCM medium was added in the upper cham-
ber, and the medium in the lower chamber was supplemented 
with 10% FBS. After incubation for 24 hours at 37 °C, the 
noninvasive cells were removed with a cotton swab. The cells 
passing through the filter into the bottom wells were fixed in 
4% formaldehyde solution for 30 minutes and stained with 
Crystal Violet Staining Solution (Beyotime Biotechnology, 
China) for 15 minutes, and those migrated cells were counted 
using an Olympus microscope equipped with a camera (Leica, 
Germany), the migrated cells were counted using ImageJ soft-
ware (RRID:SCR_003070). Six biological replicates were used 
for each experimental group.

F-Actin Staining
The HASMCs were cultured on cell slides in 12-well plates, 
at the bottom of which cell climbing plates were placed in 
advance. After treatment, cells were washed twice with PBS 
and then fixed with 4% paraformaldehyde solution for 30 min-
utes at room temperature. Cell slides were rinsed with PBS, 
permeabilized with PBS containing 0.1% Trixon X-100 for 5 
minutes. Cells were then blocked with 1% BSA for 20 minutes 
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at room temperature. Phalloidin (1:1000, F-actin Staining Kit-
Red Fluorescence-Cytopainter, ab112127) was then added to 
the cell slides at dilutions of 1:1000 and incubated at room 
temperature for 90 minutes. After incubation, rinsed twice 
with PBS, and proLongTM Gold anti-fade mountant with DAPI 
(Thermo Fisher Scientific, P36935) was added to cell slides 
for 10 min, and then acquired the images with a confocal 
microscope. Six biological replicates were used for each exper-
imental group. The reagents used have been listed in Major 
Resources Table.

Isolation and Culture of Primary Mouse Aortic 
Smooth Muscle Cells
Male mice (TPRG1-AS1fl/fl and TPRG1-AS1fl/flTaglncre/+ 
mice,20-25g, 6–8 weeks old, n=8) were anesthetized with 
mixed anesthetic (9 mg sodium pentobarbital, 0.4 ml propylene 
glycol, 0.1 ml 95% absolute ethanol, 0.5 ml normal saline per 
milliliter) by intraperitoneal injection. The thoracic and abdomi-
nal cavities were opened, the heart was exposed, and the aorta 
was flushed with PBS buffer; The aorta was isolated intact, the 
adventitia of the vessel was dissected off microscopically, and 
the intima was gently scraped off with sterile forceps; The ves-
sels were minced (1 mm×1 mm×1 mm), digested by 2 mg/ml 
collagen II with magnetic stirring at 37 °C for about 1 hour, cen-
trifuged at 1500 rpm for 5 minutes, discarded the supernatant, 
resuspended with high glucose DMEM medium containing 
20% FBS, and statically cultured for 2 to 3 days. Mouse aortic 
smooth muscle cells (MASMCs) were used from passages 3 to 
6 in the following experiments.

Balloon Injury Model
In brief, male Sprague-Dawley rats (350–400 g) were anesthe-
tized according to the method described before, then the left 
carotid artery was exposed. The balloon dilation was performed 
to the left carotid artery of rats, and the sham littermate under-
went the same procedures without the incision and injury. A 2.0 
mm diameter balloon catheter (Medtronic, Minneapolis, MN) 
was inserted into the left common carotid artery via the exter-
nal carotid. The balloon was inflated and withdrawn in the left 
common carotid artery for 3 times. After balloon injury, solutions 
(100 μL) of Ad- TPRG1-AS1 (1.5×108 PFU/mL) or Ad-GFP 
(1.5×108 PFU/mL) were infused into the ligated segment of 
the left common carotid artery for 30 minutes. Rats were anes-
thetized with intraperitoneal injection of pentobarbital sodium 
(40 mg/kg bodyweight) 14 days after the balloon injury, and 
the artery was collected, fixed in 4% paraformaldehyde for > 
24 hours and embedded in paraffin.

Wire Injury of Carotid Artery
Briefly, TPRG1-AS1SMCKI mice and control mice (10 weeks 
old) were anesthetized with mixed anesthetic (9 mg sodium 
pentobarbital, 0.4 ml propylene glycol, 0.1 ml 95% absolute 
ethanol, 0.5 ml normal saline per milliliter), and the left common 
carotid artery including bifurcation was exposed, dissected, and 
injured by passing a curved flexible wire (0.38-mm diameter, 
Reference Part Number: C-SF-15-20, Cook Medical European 
Shared Services, Ireland) five times toward and forth with rota-
tion. The sham littermate (TPRG1-AS1SMCKI and control) mice 
underwent the same procedures without the incision and injury. 

Carotid arteries were harvested 2 weeks after the injury. Carotid 
arteries were fixed in 4% paraformaldehyde for > 24 hours and 
embedded in paraffin.

Histochemistry and Immunofluorescence 
Staining
Paraffin embedded tissues were sectioned with a thickness of 
5 μm for hematoxylin and eosin (HE) staining and immuno-
fluorescence. HE staining was performed following standard 
procedures by automatic HE staining apparatus. The extent 
of neointimal formation and intima-to-media (I/M) area ratio 
was quantified using ImageJ software (RRID:SCR_003070). 
For immunofluorescence staining, the paraffin sections were 
blocked for 1 hour in the blocking buffer with goat serum and 
then were incubated with MYH9 antibody (ab75590) overnight 
at 4 °C after deparaffinization and antigen repair. After being 
rewarmed at 37 °C for 1 hour, the slices were washed with PBS 
and incubated with fluorescence-labeled secondary antibody 
(Alexa Fluor 488 goat anti-rabbit IgG (H+L), Thermo Fisher 
Scientific Cat# A-11008, RRID: AB_143165) at 37 °C for 1 
hour. Cell nuclei were stained with DAPI, and images were cap-
tured using a confocal laser scanning microscope. The antibod-
ies used have been listed in Major Resources Table. Please 
see the Major Resources Table in the Supplemental Material. 
The quantitative analysis of immunofluorescence images 
was performed using Image Pro Plus software version 6.0 
(RRID:SCR_016879).

Statistical Analysis
All statistical analyses were performed using the GraphPad 
Prism 8.0 software (RRID:SCR_002798), SPSS 20.0 
(RRID:SCR_002865) and R software (R version 4.1.3). 
Continuous variables were tested for normal distribution using 
the Shapiro-Wilk normality test. Levene and Brown-Forsythe 
tests were used to test the homogeneity of variances. Student 
t test (unpaired) or paired t test were used for 2-group analy-
sis with equal variance, and Welch t test was used for 2-group 
analysis with unequal variance. One-way ANOVA with Tukey 
multiple comparison test was used for multiple group analysis. 
Two-way ANOVA test was used for analysis of 2 independent 
variables. Non-normally distributed data were compared using 
non-parametric tests. Mann-Whitney test was used for unpaired 
2-group analysis. Wilcoxon signed-rank test was used for paired 
2-group analysis. Kruskal-Wallis test with Dunn’s multiple com-
parisons test was performed for multiple-group analysis. The 
data tested by parametric tests were shown as the mean and 
SEM, and data tested by nonparametric tests were represented 
as median with 95% confidence limits. Fisher exact probability 
method was used to compare categorical variables between 
2 groups. N values in the figure legend represent the number 
of independent biological replicates unless otherwise indicated 
specifically. P<0.05 was thought to be statistically significant.

RESULTS
Characterization of TPRG1-AS1 as a lncRNA
Information from Ensembl shows that TPRG1-AS1 (Ref-
Seq: NR_046873) localized on human Chromosome 3: 
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188,941,715-188,947,639 (the minus strand) and had a 
transcript of 697 nt and consisted of 2 exons, with low 
conservation among 100 vertebrates (Figure S2A). To 
provide clues for the role of TPRG1-AS1 in the patho-
genesis of atherosclerosis, we searched for disease-rel-
evant tissues or cell types that express TPRG1-AS1 in 
the expression data from the Genotype-Tissue Expres-
sion project26 and GEO dataset. The data from Geno-
type-Tissue Expression demonstrated that human arterial 
tissue, including aorta and coronary arteries expressed 
TPRG1-AS1 (Figure 1A). The TPRG1-AS1 expression 
was detected by qRT-PCR in atherosclerotic plaques 
collected from patients undergoing carotid endarterec-
tomy and internal mammary artery specimens obtained 
during coronary artery bypass surgery, and the TPRG1-
AS1 expression was significantly higher in carotid ath-
erosclerotic plaques than internal mammary artery 
(Figure 1B). Reanalyzing lncRNA/mRNA expression 
profile for human normal arterial intimae and advanced 
unstable atherosclerotic plaques (GSE97210)27 showed 
that TPRG1-AS1 expression was markedly increased 
in atherosclerotic plaques (Figure 1C). Then, reanalyz-
ing RNA sequencing data of stable and unstable section 
of human atherosclerotic plaques (GSE120521)28 dem-
onstrated that the expression level of TPRG1-AS1 was 
significantly increased in unstable region (Figure 1D). To 
figure out the expression levels of TPRG1-AS1 in differ-
ent cell types of human atherosclerotic coronary artery, 
we reanalyzed the scRNA-seq dataset (GSE131778),29 
and we found that the expression level of TPRG1-AS1 
was not significantly different in endothelial cell, vascular 
smooth muscle cells, monocytes, macrophages, fibro-
blasts and foam cells of human atherosclerotic coronary 
artery (Figure S3A), though a relatively higher expression 
level of TPRG1-AS1 in HASMCs than in HUVECs con-
firmed by Northern blot (Figure S3B). In comparison with 
protein coding genes, the abundance of lncRNA is sig-
nificantly lower. By absolute copy number analysis,30 the 
copy number of TPRG1-AS1 is calculated as ~9 copies 
per cell, which is similar to the abundance of a number 
of lncRNAs31 (Figure S4). Owing to the critical regulatory 
role of VSMC phenotype switching in the pathogenesis 
of atherosclerosis, we wondered whether TPRG1-AS1 
might regulate VSMC phenotype switching. The expres-
sion pattern of TPRG1-AS1 was detected in HASMCs 
treated by PDGF-BB, a growth factor known to promote 
VSMC phenotype switching in the pathogenesis of ath-
erosclerosis.32 Exposure to PDGF-BB downregulated 
TPRG1-AS1 by 30% in HASMCs (Figure 1E), suggest-
ing the possible involvement of TPRG1-AS1 in HASMCs 
phenotype switching.

Using known sequence of TPRG1-AS1, we designed 
primers and performed 5’ and 3’ RACE to obtain the 
full-length transcript of TPRG1-AS1(Figure 1F). The 
5’- and 3’- RACE (Figure S5) and subsequent Sanger 
sequencing showed that the full-length transcript of 

TPRG1-AS1 was 1279 nt in length, with a poly(A) tail 
(Table S6), consistent with the size of the transcript of 
TPRG1-AS1 determined by Northern blot in HASMCs 
(Figure S3B). Because the function of lncRNA is depen-
dent on its subcellular localization, RNA fluorescent in 
situ hybridization was performed to determine the sub-
cellular localization of TPRG1-AS1 in HASMCs. The 
result demonstrated that endogenous TPRG1-AS1 was 
localized in both the cytoplasm and nuclear of HASMCs, 
but mainly in cytoplasmic and peri-nuclear regions (Fig-
ure 1G). TPRG1-AS1 showed little coding potency by 
the PhyloCSF analysis (Figure S2B) and did not have a 
representative protein-coding open reading frame longer 
than 243 nt among the fourteen open reading frames 
according to open reading frame Finder24 (Figure S2C 
and S2D). Finally, in vitro transcription-translation assay 
demonstrated that TPRG1-AS1 did not code any pro-
teins (Figure 1H) and thus confirmed that TPRG1-AS1 
was bona fide a lncRNA.

TPRG1-AS1 Inhibits HASMCs Migration
Loss- and gain-of function strategies were adopted to 
explore the function of TPRG1-AS1 in HASMCs phe-
notype switching. TPRG1-AS1 was efficiently over-
expressed in HASMCs infected with Ad-TPRG1-AS1 
(Figure 2A), and endogenous TPRG1-AS1 was success-
fully knocked down to about 6% in HASMCs transfected 
with si-TPRG1-AS1(Figure 2B). The expression of 
TPRG1, the parent gene of TPRG1-AS1 was not affected 
by the knockdown of TPRG1-AS1 in HASMCs (Figure 
S6). The overexpression or knockdown of TPRG1-AS1 
did not significantly affect the expression of contractive 
markers (Figure S7A and S7B) and HASMCs prolifera-
tion detected by CCK-8 assay (Figure S7C and S7D). 
Transwell migration assay was performed to investigate 
the effect of TPRG1-AS1 on HASMCs migration. The 
overexpression of TPRG1-AS1 significantly and drasti-
cally inhibited HASMCs migration (Figure 2C and 2D), 
while the knockdown of TPRG1-AS1 had an opposite 
effect (Figure 2E and 2F). Furthermore, the overexpres-
sion of TPRG1-AS1 also significantly inhibited HASMCs 
migration induced by PDGF-BB (Figure 2G and 2H).

TPRG1-AS1 Directly Interacts With MYH9 
Protein in HASMCs
Growing evidence has demonstrated that lncRNAs could 
participate in molecular regulation pathways through 
physically interacting with proteins.17,19 The multiple-
branched structure predicted by RNAfold server (http://
rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) 
suggested the binding potential of TPRG1-AS1 with pro-
tein (Figure S8). To identify intracellular binding proteins 
via which TPRG1-AS1 inhibited HASMCs migration, 
we performed RNA pull-down assay with protein lysate 
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from HASMCs followed by liquid chromatograph-mass 
spectrometer analysis. The full-length of TPRG1-AS1 
was used as baits by generating both sense and anti-
sense (negative control) RNA probes. Two differentially 
displayed protein bands (bands 1-2 numerically labeled 
on the gel, arrowed in Figure S9) were identified on the 

silver-stained polyacrylamide gel, and these 2 differen-
tial bands were excised and subjected to mass spec-
trometry. Mass spectrometry identified several potential 
TPRG1-AS1-interacted proteins, including MYH9 (Fig-
ure 3A). There might be a direct interaction between 
TPRG1-AS1 and MYH9 protein according to the 

Figure 1. Characterization of TPRG1-AS1 (tumor protein p63 regulated 1, antisense 1) as a lncRNA.
A, TPRG1-AS1 expression across different human tissues in the GTEx database. B, The expression of TPRG1-AS1 in human carotid 
atherosclerotic plaques and internal mammary arteries (IMA; n=10 per group). C, Reanalysis of TPRG1-AS1 expression in microarray datasets 
(GSE97210). D, Reanalysis of TPRG1-AS1 expression in RNA-seq datasets (GSE120521). FPKM: Fragments Per Kilobase per Million. E, The 
downregulation of TPRG1-AS1 expression in human aortic smooth muscle cells (HASMCs) induced by PDGF-BB (n=6 per group). F, The 5’, 
3’-terminal unknown sequences clone strategy of TPRG1-AS1 in HASMCs by rapid-amplification of cDNA ends (RACE). G, Representative 
pictures of FISH used to detect the subcellular localization of TPRG1-AS1 in HASMCs. TPRG1-AS1 were stained with specific probe of 
TPRG1-AS1 (red), nuclear were stained with DAPI (blue). Scale bars, 50 μm. H, Representative pictures of in vitro transcription-translation 
assay for TPRG1-AS1, positive control (T7 luciferase control DNA, 61kD), and negative control (no DNA). Data were expressed as 
mean±SEM. Results in B were evaluated by Welch test. Results in C–E were evaluated by Welch test. Ao indicates aorta; At, atrial appendage; 
Ce, cerebellum; Co, coronary; Cor, cortex; Hi, hippocampus; LV, left ventricle; Me, medulla; Si, sigmoid; Su, subcutaneous; Ti, tibial; TPM, 
Transcripts Per kilobase Million; Tr, transverse; and Vi, visceral.
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RNA-protein interaction prediction tool RPIseq (http://
pridb.gdcb.iastate.edu/RPISeq/; Figure 3B). The direct 
interaction between TPRG1-AS1 and MYH9 protein in 
HASMCs was verified by RIP assay, and GAPDH were 
used as negative controls. TPRG1-AS1 was significantly 
enriched by MYH9 protein antibody compared with IgG-
controls (Figure 3C and 3D), demonstrating a direct 
interaction between TPRG1-AS1 and MYH9 protein in 
HASMCs. In addition to TPRG1-AS1, 2 other lncRNAs 
MAFG-AS133and TP53TG134 with high abundance in 
HASMCs (Figure S10A), previously reported to bind to 
MYH9 protein in other type cells, also interacted with 
MYH9 protein in HASMCs (Figure S10B). To further vali-
date the interaction of TPRG1-AS1 with MYH9 protein 
in HASMCs, we performed chromatin isolation by RNA 
purification assay, an optimized method for the identifica-
tion of lncRNA-bound proteins. We designed 13 probes 
against TPRG1-AS1 RNA, and probes against lacZ 
RNA were used as negative control. The result of qPCR 
on the biotinylated probe-bound fraction confirmed 
that only biotinylated probes specific to TPRG1-AS1, 

enriched TPRG1-AS1 rather than non-specific tran-
script of GAPDH, and the lacZ control enriched neither 
TPRG1-AS1 nor GAPDH. Thus, these data validated the 
specificity of the probes used to retrieve TPRG1-AS1 in 
the chromatin isolation by RNA purification assay (Fig-
ure 3E). Subsequent Western blot showed that MYH9 
protein could be retrieved by TPRG1-AS1 probes, but 
not LacZ control probes (Figure 3F), demonstrating that 
TPRG1-AS1 could bind to MYH9 protein in HASMCs. 
Taken together, the results confirmed the direct interac-
tion of TPRG1-AS1 with MYH9 protein in HASMCs.

We sought to determine the function of the interaction 
between TPRG1-AS1 and MYH9 protein. Numerous 
studies have reported that some lncRNAs directly bind 
to protein and promote its degradation.17,35 In the present 
study, a significant downregulation of MYH9 protein was 
detected in TPRG1-AS1-overexpressing HASMCs (Fig-
ure 3G and 3H), but no decrease was observed in MYH9 
mRNA levels (Figure S11A). A significant upregulation 
of MYH9 protein upon TPRG1-AS1 knockdown was 
detected in HASMCs (Figure 3I and 3J) and no increase 

Figure 2. TPRG1-AS1 (tumor protein 
p63 regulated 1, antisense 1) inhibits 
human aortic smooth muscle cells 
(HASMCs) migration.
A, The overexpression of TPRG1-
AS1 in HASMCs (n=6 per group). 
B, The knockdown of TPRG1-AS1 
in HASMCs (n=6 per group). C, 
Representative pictures of the effect of 
the overexpression of TPRG1-AS1 on 
HASMCs migration. Scale bars, 500 
μm. D, The statistical result in C (n=6 
per group). E, Representative pictures of 
the effect of the knockdown of TPRG1-
AS1 on HASMCs migration. Scale bars, 
500μm. F, The statistical result in E (n=6 
per group). G, Representative pictures 
of the effect of the overexpression of 
TPRG1-AS1 on HASMCs migration 
induced by PDGF-BB. Scale bars, 500 
μm. H, The statistical result in G (n=6 
per group). Data were expressed as 
mean±SEM. Results in A, B, and D 
were evaluated by Welch test. Results 
in F were evaluated by Student t test. 
Results in H are evaluated 1-way ANOVA 
followed by Tukey multiple comparison 
test.
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Figure 3. TPRG1-AS1 (tumor protein p63 regulated 1, antisense 1) directly interacts with MYH9 (myosin heavy chain 9) protein 
in human aortic smooth muscle cells (HASMCs).
A, The results of mass spectrometry analysis of 1# and 2# bands. B, The prediction of interaction between TPRG1-AS1 and MYH9 protein 
by RPIseq. C, Western blotting of proteins retrieved by MYH9-specific antibody and IgG in RIP assay of UV-crosslinked HASMCs extracts. 
D, qPCR detection of TPRG1-AS1 RNA retrieved by MYH9-specific antibody compared with those retrieved by IgG in RIP assay of UV-
crosslinked HASMCs extracts (n=3 per group). GAPDH is used as negative control. E, qRT-PCR was used to detect (Continued )
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in MYH9 mRNA levels was observed (Figure S11B). To 
determine the effects of the interaction of TPRG1-AS1 
with MYH9 protein on the half-life of MYH9 protein, 
HASMCs transfected with siNC or siTPRG1-AS1 were 
treated with protein synthesis inhibitor36 CHX (cyclohexi-
mide) for 0, 8, 16h, and the result demonstrated that the 
half-life of MYH9 protein was prolonged upon TPRG1-
AS1 knockdown in HASMCs (Figure 3K and 3L). Pre-
vious study has reported that MYH9 protein could be 
degraded by proteasome pathway.36,37 To figure out the 
underlying mechanism by which TPRG1-AS1 promoted 
the degradation of MYH9 protein, TPRG1-AS1 knock-
down and control HASMCs were treated with the protea-
some inhibitor MG132 or DMSO as a control. Exposure 
to MG132 significantly inhibited the degradation of 
MYH9 protein in HASMCs, demonstrating that MYH9 
protein could also be degraded through proteasome 
pathway in HASMCs. In HASMCs treated with DMSO, 
the expression level of MYH9 protein was significantly 
increased after TPRG1-AS1 knockdown, however, there 
were no significant changes of MYH9 protein levels 
between TPRG1-AS1 knockdown and control cells after 
MG132 treatment (Figure 3M and 3N), indicating that 
the knockdown of endogenous TPRG1-AS1 protected 
MYH9 protein from proteasome degradation.

TPRG1-AS1 Inhibits HASMCs Migration via 
Interacting With MYH9 protein
MYH9 protein, also known as NMMHC-IIA (non-mus-
cle myosin heavy chain II-A), is a cytoskeleton F-actin-
binding protein, taking center stage in cell adhesion and 
migration.38–42 However, its role in HASMCs migration 
and atherosclerosis is far from being completely char-
acterized. According to the expression data from the 
Genotype-Tissue Expression project, MYH9 mRNA 
is substantially highly expressed in aorta and coronary 
arteries (Figure 4A). The expression of MYH9 protein 
was rapidly and significantly increased in neointima in 
both rat and baboon balloon injury models.43,44 Reanalyz-
ing the scRNA-seq dataset (GSE131778)29 showed that 
MYH9 mRNA was relatively highly expressed in VSMCs 
among different cell types in human atherosclerotic 
coronary arteries (Figure 4B) and significantly increased 
in phenotypically modulated SMCs compared with nor-
mal SMCs (Figure 4C). Furthermore, MYH9 protein was 

largely colocalized with smooth muscle (α-SMA positive) 
cells in human atherosclerotic plaque by immunofluores-
cence staining (Figure S12). Similarly, the data from the 
scRNA-seq dataset (GSE131776)29 of aortic root and 
ascending aorta in Apoe−/− mice at baseline, 8 and 16 
weeks of high-fat diet (HFD) feeding also demonstrated 
that Myh9 mRNA expression was significantly upregu-
lated in phenotypically modulated SMCs compared with 
normal SMCs (Figure 4D; Figure S13) and also con-
tinued to increase in phenotypically modulated SMCs 
from Apoe−/− mice at baseline, 8 and 16 weeks of HFD 
(Figure 4E). The expression pattern of MYH9 gene in 
human atherosclerosis sample and animal atherosclero-
sis model indicated the involvement of MYH9 gene in 
VSMC phenotype switching and the pathogenesis of 
atherosclerosis.

The efficiency of the overexpression and knockdown 
of MYH9 gene in HASMCs was verified by qRT-PCR and 
Western blot, respectively (Figure S14A through S14F). 
The knockdown of MYH9 gene in HASMCs significantly 
inhibited migration (Figure 4F and 4G), and the overex-
pression of MYH9 gene significantly promoted HASMCs 
migration (Figure 4H and 4I). Also, the knockdown of 
MYH9 gene did not affect the expression of contractive 
markers (Figure S15A) and HASMCs proliferation (Fig-
ure S15B). Since the interaction between TPRG1-AS1 
and MYH9 protein could decrease MYH9 protein level, 
it was speculated that the interaction between TPRG1-
AS1 and MYH9 protein might be involved in the inhibi-
tion of HASMCs migration by TPRG1-AS1. Functionally, 
the knockdown of MYH9 gene could significantly atten-
uate the increase in HASMCs migration induced by the 
knockdown of TPRG1-AS1 (Figure 4J and 4K), demon-
strating that TPRG1-AS1 inhibited HASMCs migration 
via interacting with MYH9 protein.

TPRG1-AS1 Affects F-Actin Stress Fiber 
Bundles Formation via Interacting With MYH9 
Protein
The tails of MYH9 protein antiparallelly constitute bipo-
lar filaments and bind with F-actin filaments to form 
stress fiber,45 critical for control of cell shape and migra-
tion.30 The overexpression of MYH9 gene in HASMCs 
could enhance stress fiber bundles formation, while the 
knockdown of MYH9 gene in HASMCs had an opposite 

Figure 3 Continued. the targeted RNA levels enriched by TPRG1-AS1 probe, GAPDH, and LacZ Probe were used as negative control. 
F, Representative western blotting used to detect MYH9 protein retrieved by TPRG1-AS1 and control probes. G, Representative western 
blotting of the downregulation of MYH9 protein by the overexpression of TPRG1-AS1 in HASMCs. H, The statistical result in G (n=6 per 
group). I, Representative western blotting of the upregulation of MYH9 protein by the knockdown of TPRG1-AS1 in HASMCs. J, The 
statistical result in I (n=6 per group). K, Representative western blotting of MYH9 protein in HASMCs transfected with NC or siTPRG1-AS1 
and treated with CHX (500 μM) for 0, 8, 16 hours. L, The statistical result in K (n=6 per group). M, Representative western blotting of MYH9 
protein in HASMCs transfected with siNC or siTPRG1-AS1 and treated with MG132 (40 μM) for 24 hours. N, The statistical result in L (n=5 
per group). Data were expressed as mean±SEM. Results in D are evaluated by paired t test. Results in H and J are evaluated by Student t 
test. Results in L are evaluated by 2-way ANOVA test. Results in N were performed using Brown-Forsythe and Welch ANOVA test followed 
by Dunn multiple comparison test.
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Figure 4. TPRG1-AS1 (tumor protein p63 regulated 1, antisense 1) inhibits human aortic smooth muscle cells (HASMCs) 
migration via interacting with MYH9 (myosin heavy chain 9) protein.
A, MYH9 expression across different human tissues in the GTEx database. B, t-SNE visualization of cell types and MYH9-postive cells in 
human atherosclerotic coronary artery (GSE131778). C, MYH9 mRNA expression levels in different cell types of human atherosclerotic 
coronary artery (GSE131778). ModSMC: phenotypically modulated SMCs. D, Myh9 mRNA expression levels in normal SMCs and ModSMC 
of Apoe−/− mice at baseline, 8 and 16 weeks of HFD feeding (GSE131776). E, Myh9 mRNA expression levels in ModSMC of Apoe−/− 
mice at baseline, 8 and 16 weeks of HFD feeding (GSE131776). F, Representative pictures of the effect of MYH9 gene knockdown on 
HASMCs migration. Scale bars, 500 μm. G, The statistical result in F (n=6 per group). H, Representative pictures of the effect of MYH9 gene 
overexpression on HASMCs migration. Scale bars, 500 μm. I, The statistical result in H (n=6 per group). (Continued )
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effect (Figure 5A). We further investigated the effects 
of the interaction between TPRG1-AS1 with MYH9 pro-
tein on the stress fiber formation. The overexpression 
of TPRG1-AS1 could inhibit stress fiber formation in 
HASMCs treated with PDGF-BB (Figure 5B). However, 
the knockdown of TPRG1-AS1 in HASMCs promoted 
stress fiber bundles formation, which could be attenu-
ated by the knockdown of MYH9 gene (Figure 5C), 
demonstrating that TPRG1-AS1 inhibited stress fiber 
bundles formation via interacting with MYH9 protein in 
HASMCs. Furthermore, Cytochalasin D (an actin depo-
lymerizing agent46) treatment could significantly reverse 
not only increased stress fiber bundles (Figure 5D), but 
also increased HASMCs migration induced by the knock-
down of TPRG1-AS1 (Figure 5E and 5F), indicating that 
the formation of stress fiber bundles was essential for 
increased HASMCs migration induced by the knock-
down of TPRG1-AS1.

TPRG1-AS1 Overexpression Inhibits Neointima 
Formation In Vivo
Based on the results mentioned above, it was reason-
able for us to evaluate the effects of TPRG1-AS1 on 
the vascular pathological response. To test this hypoth-
esis, we examined the effects of the overexpression 
of TPRG1-AS1 on neointima formation in vivo induced 
by rat carotid balloon injury model. We first observed 
that the overexpression of TPRG1-AS1 significantly 
downregulated MYH9 protein in rat aortic smooth 
muscle cells (Figure S16A and S16B). Adenoviral 
vector (Ad-TPRG1-AS1 or Ad-GFP) was delivered to 
the injured left carotid artery. Two weeks after balloon 
injury, animals were euthanized, and the carotid arter-
ies were fixed and embedded for histological analyses. 
Ad-TPRG1-AS1 significantly inhibited neointima for-
mation, compared with Ad-GFP (Figure S16C). Such 
an inhibitory effect was associated with a decrease in 
both the intima area (Figure S16D) and the intima/
media ratio (Figure S16E). These results confirmed 
that the overexpression of TPRG1-AS1 suppressed 
neointima formation in vivo.

To further validate the function of TPRG1-AS1 on vas-
cular remodeling in vivo, we generated VSMC-specific 
TPRG1-AS1 transgenic mice (TPRG1-AS1SMCKI). The 
primary mouse aortic smooth muscle cells of TPRG1-
AS1SMCKI and control mice were isolated, respectively. 
A high TPRG1-AS1 expression could be detected in 
MASMCs of transgenic mice, rather than control mice 
(Figure 6A; Figure S17). Consist with the decrease of 

MYH9 protein level in HASMCs transfected with Ad-
TPRG1-AS1(Figure 3G and 3H), MYH9 protein level 
was significantly decreased in MASMCs of TPRG1-
AS1SMCKI mice, compared with control mice (Figure 6B 
and 6C) and there was also no significant difference in 
Myh9 mRNA levels between the 2 groups (Figure S18). 
Consistent with reduced F-actin stress fibers bundles 
and decreased migration of HASMCs transfected with 
Ad-TPRG1-AS1, MASMCs of TPRG1-AS1SMCKI mice 
showed more disorganized and shortened actin stress 
fibers bundles and significantly decreased migration, 
compared with control mice (Figure 6D through 6F), 
further confirming that the interaction between TPRG1-
AS1 and MYH9 protein inhibited stress fiber bundles 
formation and migration in MASMCs. Subsequently, 
we performed carotid artery wire injury in left common 
carotid artery of TPRG1-AS1SMCKI mice and control mice. 
Two weeks after injury, TPRG1-AS1SMCKI mice exhibited 
a drastic decrease in neointima formation compared with 
control mice (Figure 6G and 6H). However, the media 
of the injured carotid arteries did not differ between the 
groups. Therefore, the intima-to-media ratio was sub-
stantially lower in injured carotid arteries from TPRG1-
AS1SMCKI mice compared with control mice (Figure 6I). 
Collectively, these data demonstrated that VSMC-
specific TPRG1-AS1 overexpression could inhibit wire 
injury-induced neointima formation in vivo.

VSMC-Specific TPRG1-AS1 Overexpression 
Attenuated Atherosclerosis
To further determine the role of VSMC-specific TPRG1-
AS1 overexpression in the pathogenesis of atheroscle-
rosis, we generated TPRG1-AS1SMCKIApoe−/− mice. At 
age 8 weeks, TPRG1-AS1SMCKIApoe−/− mice and con-
trol mice were fed with HFD for 20 weeks to establish 
atherosclerosis model. There were no significant dif-
ferences in body weight, plasma total cholesterol and 
triglycerides between the 2 groups (Figure S20). Oil 
Red O staining showed that the en face-stained plaque 
area of TPRG1-AS1SMCKIApoe-/- mice was significantly 
reduced, compared with control mice (Figure 7A and 
7B). H&E staining of aortic roots showed that the 
plaque area in aortic roots of TPRG1-AS1SMCKIApoe−/− 
mice was significantly decreased, compared with 
control mice (Figure 7C and 7D; Figure S21). Immuno-
fluorescence staining of aortic roots showed that there 
was a significant reduction of MYH9-positive cells as 
percentage of plaque area in TPRG1-AS1SMCKIApoe−/− 
mice, compared with control mice (Figure 7E and 

Figure 4 Continued. J, Representative pictures of the increase in HASMCs migration induced by the knockdown of TPRG1-AS1 was 
rescued by the knockdown of MYH9 gene. Scale bars, 500 μm. K, The statistical result of the rescue assay in J (n=6 per group). Results in 
C–E are evaluated by Wilcoxon rank-sum test. Data in G, I, and K were expressed as mean±SEM. Results in G and I are evaluated by Student 
t test. Results in K are evaluated by 1-way ANOVA followed by Tukey multiple comparison test. Ao indicates aorta; At, atrial appendage; 
Ce, cerebellum; Co, coronary; Cor, cortex; Hi, hippocampus; LV, left ventricle; Me, medulla; Si, Sigmoid; Su, subcutaneous; Ti, tibial; TPM, 
Transcripts Per kilobase Million; Tr, transverse; and Vi, visceral.
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7F). These results demonstrated that VSMC-specific 
TPRG1-AS1 overexpression decreased MYH9 protein 
levels in atherosclerotic plaque and attenuated athero-
sclerotic lesions.

DISCUSSION
The abnormal migration of VSMCs from the media to 
the intima, contributing to neointima formation, is the 

Figure 5. The interaction between TPRG1-AS1 (tumor protein p63 regulated 1, antisense 1) and MYH9 (myosin heavy chain 9) 
proteins affects stress fiber formation.
A, Representative pictures of the effect of the overexpression or knockdown of MYH9 gene on the stress fiber formation in human aortic 
smooth muscle cells (HASMCs). Scale bars, 50 μm. B, Representative pictures of the effect of the overexpression of TPRG1-AS1 on the 
stress fiber formation of HASMCs induced by PDGF-BB. Scale bars, 50 μm. C, Representative pictures of the increase of stress fiber 
information induced by the knockdown of TPRG1-AS1 was rescued by the knockdown of MYH9 gene. Scale bars, 50 μm. D, Representative 
pictures of the increase of stress fiber information induced by the knockdown of TPRG1-AS1 was rescued by the treatment of Cytochalasin 
D (30 μM, 24 hours). Scale bars, 50 μm. E, Representative pictures of the effect of Cytochalasin D (30 μM, 24 hours) on the increase in 
HASMCs migration induced by the knockdown of TPRG1-AS1. Scale bars, 500 μm. F, The statistical result in E (n=6 per group). Data were 
expressed as mean±SEM. Results in F are evaluated by 1-way ANOVA followed by Tukey multiple comparison test.
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Figure 6. Vascular smooth muscle cell-specific TPRG1-AS1 (tumor protein p63 regulated 1, antisense 1) transgenic mice exhibit 
reduced neointima formation.
A, TPRG1-AS1 expression in murine aortic smooth muscle cells (MASMCs) isolated from TPRG1-AS1 transgenic mice were analyzed by 
qPCR (n=6 per group). B, Representative pictures of the MYH9 (myosin heavy chain 9) protein expression in MASMCs were analyzed by 
Western blot. C, The statistical result in B (n=6 per group). D, The effect of the overexpression of TPRG1-AS1 on the stress fiber formation 
of MASMCs. Scale bars, 50 μm. E, The effect of the overexpression of TPRG1-AS1 on MASMCs migration. Scale bars, 500 μm. F, The 
statistical result in E (n=9 per group). G, Representative hematoxylin-eosin-stained sections of the carotid arteries from TPRG1-AS1SMCKI mice 
(n=4 mice), control mice (n=5 mice) 14 days after wire injury and sham littermates (n=5 mice). Scale bars, 100μm. H, Quantitative analysis of 
the intima area. (I) Quantitative analysis of intima/media ratio. Data in A, H, and I were expressed as median with 95% confidence limits. Data 
in C and F were expressed as mean±SEM. Results in A are evaluated by Mann-Whitney U test. Results in C and F are evaluated by Student t 
test. Results in H and I are evaluated by Kruskal-Wallis test.
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hallmark of atherosclerosis.47 In our previous study, 
TPRG1-AS1 was identified as a novel lncRNA bio-
markers for diagnosing CAD based on the transcrip-
tome-wide lncRNA expression profile (GSE113079) 
of CAD patients and healthy controls,20 but its role in 
the pathogenesis of CAD remains unknown. The pres-
ent study focused on the role and underlying molecular 
mechanisms of lncRNA TPRG1-AS1 in the modulation 
of HASMCs migration, neointima formation, and athero-
sclerotic plaque formation.

The present study first analyzed the clinical rela-
tivity of TPRG1-AS1 with atherosclerosis, and the 
results from lncRNA/mRNA expression profile data-
set (GSE97210)27 and qRT-PCR detection in our own 
plaque samples showed that TPRG1-AS1 expression 
was significantly increased in atherosclerotic plaques, 
indicating the involvement of TPRG1-AS1 in the patho-
genesis of atherosclerosis. Our study then characterized 

TPRG1-AS1 in HASMCs, including the size and the full 
length of TPRG1-AS1 transcript, and the subcellular 
location of endogenous TPRG1-AS1 in HASMCs, and 
finally identified TPRG1-AS1 as bona fide a lncRNA. 
Next, gain- and loss-of-function strategies were used to 
demonstrate that TPRG1-AS1 could regulate HASMCs 
migration rather than proliferation.48

Thus, it is of interest to further investigate the under-
lying mechanism of TPRG1-AS1 in regulating HASMC 
migration. Subcellular localization of TPRG1-AS1 in 
HASMCs indicated that TPRG1-AS1 might regu-
late HASMCs migration through physically interact-
ing with proteins in cytoplasm, and MYH9 protein was 
screened and identified to interact with TPRG1-AS1 in 
HASMCs. Notably, the interaction between TPRG1-AS1 
and MYH9 protein in HASMCs decreased MYH9 pro-
tein levels probably through the ubiquitin-proteasome 
pathway, but MYH9 mRNA levels were not significantly 

Figure 7. Vascular smooth muscle cell-specific TPRG1-AS1 (tumor protein p63 regulated 1, antisense 1) overexpression 
attenuated atherosclerosis.
A, Representative image for Oil Red O stained en face aorta of TPRG1-AS1SMCKIApoe−/− (n=8 mice) and control mice (n=6 mice) induced by 
HFD for 20 weeks. B, Quantitative assessment of plaque area in the whole aorta. C, Representative images for HE staining on aortic roots of 
TPRG1-AS1SMCKI Apoe−/− mice (n=6 mice) and control mice (n=8 mice). Scale bars, 100 μm. D, Quantitative assessment of plaque area in the 
aortic root. E, Representative image for aortic roots that stained with an antibody against MYH9 (green). Scale bars, 100 μm. F, Percentage of 
MYH9 positive area (green) in atherosclerotic plaque of aortic root (n=5–6 mice per group). Data were expressed as mean±SEM. Results are 
evaluated by Student t test.
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changed. In nonmyocytes, MYH9 protein plays a critical 
role in cell adhesion and migration.45 However, the role 
of MYH9 protein in HASMCs migration has not been 
fully recognized yet. According to the scRNA-seq datas-
ets of human atherosclerotic plaques and aortic roots in 
Apoe−/− mice atherosclerosis model, MYH9 mRNA was 
significantly increased in phenotypically modulated SMCs 
compared with normal SMCs, indicating the involvement 
of MYH9 gene in SMC phenotyping switching, critical for 
the pathogenesis of atherosclerosis. To the best of our 
knowledge, the present study provided the first reported 
evidence that MYH9 gene could regulate HASMCs 
migration. Furthermore, the increased HASMCs migra-
tion induced by the knockdown of TPRG1-AS1 was 
reversed by the knockdown of MYH9 gene, demonstrat-
ing that the interaction between TPRG1-AS1 and MYH9 
protein inhibited HASMCs migration.

Previous studies have reported that MYH9 proteins 
antiparallelly assemble into bipolar non-muscle myosin fil-
aments that dynamically tether actin filaments to regulate 
stress fiber bundles formation and cell migration.39,49,50 
During smooth muscle cell migration, the dynamic reor-
ganization of actomyosin cytoskeleton includes cell pro-
trusion regulation, focal adhesion assembly/disassembly, 
and stress fiber formation.51 A number of studies have 
shown that HASMCs migration requires actomyosin 
cytoskeleton reorganization.51,52 For example, hypoxia 
inhibited HASMCs migration via inhibiting F-actin aggre-
gation.53 ARF GTPases were actively involved in the 
regulation of actin function in HASMCs migration, and 
ARF1 inhibition reduced HASMCs migration due to the 
inhibition of F-actin filaments.54 MCP1 activated phos-
phorylation of cortactin on S405 and S418 residues in a 
time-dependent manner, and inhibition of its phosphory-
lation attenuated MCP1-induced HASMCs stress fiber 
formation and migration.55 Therefore, we investigated 
the effects of the interaction between TPRG1-AS1 and 
MYH9 protein on stress fiber formation in HASMCs. The 
present study showed that the overexpression of MYH9 
gene in HASMCs could promote the formation of stress 
fibers, while the knockdown of MYH9 gene in HASMCs 
had an opposite effect. The knockdown of MYH9 gene 
reversed the increased stress fiber formation induced 
by the knockdown of TPRG1-AS1, demonstrating that 
the interaction between TPRG1-AS1 and MYH9 protein 
inhibited stress fiber formation in HASMCs. Furthermore, 
the treatment of Cytochalasin D, an inhibitor of actin 
polymerization, could inhib not only stress fiber bundles 
formation but also HASMCs migration induced by the 
knockdown of TPRG1-AS1, demonstrating that the inter-
action between TPRG1-AS1 and MYH9 protein inhibited 
HASMCs migration through affecting stress fiber bun-
dles formation. Similar to TPRG1-AS1, lncRNA MAFG-
AS1 could directly bind to MYH9 protein, enhance the 
assembly of stress fiber in hepatoma cells, and promote 
cell migration.33 Apart from that, several lncRNAs were 

also reported to affect cell migration by regulating the 
actomyosin cytoskeleton. For example, lncRNA EWSAT1 
promoted cell migration and stress fiber bundles forma-
tion by acting a competing endogenous RNAs of ROCK1 
through sponging miR-24-3p.56 LINC00152 participated 
in F-actin reorganization, cytoskeletal remodeling, and 
regulated cell migration.57 These findings suggested the 
important role of lncRNAs in the formation of stress fiber 
bundles and cell migration.

In order to confirm the results of experiments in vitro, 
rat carotid balloon injury model was used to evaluate 
the role of TPRG1-AS1 in neointima formation in vivo. 
The overexpression of TPRG1-AS1 in the injured left 
carotid artery could effectively reduce neointima forma-
tion in vivo. In addition to rat carotid balloon injury model, 
VSMC-specific TPRG1-AS1 transgenic mice was gen-
erated to further validate S Consistent with the results 
of TPRG1-AS1 overexpression in HASMCs, primary 
MASMCs isolated from VSMC-specific transgenic mice 
showed significant decrease in MYH9 protein levels 
with no significant difference in Myh9 mRNA levels and 
exhibited a reduction of stress fiber bundles formation 
and slower migration when compared with the control 
mice. Following, a well-established model of carotid 
artery wire injury was used to validate the function of 
TPRG1-AS1 in neointima formation in vivo. In line with 
the inhibition of HASMCs and MASMCs migration by 
TPRG1-AS1 in vitro, VSMC-specific overexpression of 
TPRG1-AS1 in transgenic mice significantly inhibited 
neointima formation in vivo. Thus, the above results vali-
dated protective role of TPRG1-AS1 overexpression in 
neointima formation in vivo.

Finally, functional consequence of the interaction 
between TPRG1-AS1 and MYH9 protein on HASMCs 
migration and the protective role of TPRG1-AS1 overex-
pression in neointima formation indicated that TPRG1-
AS1 overexpression might attenuate atherosclerosis. 
Therefore, TPRG1-AS1SMCKIApoe−/− and control mice 
were fed with HFD for 20 weeks to establish an ath-
erosclerosis model. By immunofluorescent staining, we 
observed that the percentage of MYH9-positive cells 
in plaque area were decreased in TPRG1-AS1SMCKI-

Apoe−/− mice compared with control mice, validating that 
VSMC-specific overexpression of TPRG1-AS1 could 
downregulate MYH9 protein in atherosclerotic plaque. 
The results of Oil red O and HE staining demonstrated 
that VSMC-specific TPRG1-AS1 overexpression had a 
protective effect on atherosclerotic plaque formation.

Generally, the high expression of lncRNA in athero-
sclerotic plaque is a sign of harmful effects, though with 
some exceptions. For instance, HO-1 was significantly 
upregulated in human vulnerable atherosclerotic lesions, 
but the overexpression of HO-1 inhibited vulnerable 
plaque development in Apoe−/− mice.58 LncRNA RNCR3 
was reported to be upregulated in atherosclerotic lesions 
compared with normal aortic tissues, but the knockdown 
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of RNCR3 in Apoe−/− mice aggregated atherosclerosis in 
vivo, indicating the protection role for the higher expres-
sion of RNCR3 in pathogenesis of atherosclerosis.59 
Although the expression of TPRG1-AS1 was significantly 
upregulated in atherosclerotic plaque, an atheroprotective 
effect of VSMC-specific overexpression of TPRG1-AS1 
in Apoe−/− mice was observed in the present study. How-
ever, the upregulation of TPRG1-AS1 might have differ-
ent functions at the different stage of atherosclerosis. 
In early stages of atherosclerosis, the migration of vas-
cular smooth muscle cells from the media migrate into 
the intima promotes atherosclerotic plaque formation.60 
Moreover, vascular smooth muscle cells produce collagen 
to form a fibrous cap, which exerts a plaque stabilizing 
effect.61 The inhibition of VSMCs migration could reduce 
atherosclerotic plaque formation at the early stage of 
plaque formation but lead to the thinning of fibrous cap 
and render plaque more unstable in the advanced plaque. 
As demonstrated in the present study, the overexpres-
sion of TPRG1-AS1 inhibited HASMCs migration, and 
VSMC-specific overexpression of TPRG1-AS1 attenu-
ated atherosclerosis of Apoe−/−mouse atherosclerosis 
model. However, TPRG1-AS1 expression was especially 
increased in advanced unstable atherosclerotic plaques 
(GSE97210),27 and significantly increased in unstable 
region of atherosclerotic plaques compared with the sta-
ble region (GSE120521),28 indicating the possible asso-
ciation of higher expression of TPRG1-AS1 in advanced 
plaque with plaque instability. Actually, unlike in human 
atherosclerotic lesion, spontaneous plaque rupture in 
Apoe−/− atherosclerotic mouse model is exceptionally rare 
and occurs only in aged mice (9-20 months).62 In the pres-
ent study, 8-week-old Apoe−/− mice were fed with HFD 
for only 20 weeks, therefore, a stronger inhibitory effect 
on plaque formation was observed. Hence, we speculated 
that the high expression of TPRG1-AS1 in advanced ath-
erosclerotic plaque might lead to the thinning of fibrous 
cap and render plaque more unstable through inhibiting 
VSMCs migration, which needed to be validated using 
murine plaque rupture model in further work.

The scRNA-seq dataset of human atherosclerotic 
coronary arteries showed that MYH9 gene was widely 
expressed in multiple cell types of human atherosclerotic 
coronary arteries, and mainly expressed in smooth mus-
cle cells and endothelial cells. Furthermore, the expres-
sion level of TPRG1-AS1 in different cells of human 
atherosclerotic coronary artery was not significantly 
different, though a relatively higher expression level of 
TPRG1-AS1 in HASMCs than in HUVECs confirmed by 
Northern blot. Given the critical role of HASMCs phe-
notype switching in the pathogenesis of atherosclerosis, 
the present study explored and confirmed the effect of 
TPRG1-AS1 on HASMCs migration. Consequently, we 
screened and identified intracellular binding proteins 
of TPRG1-AS1 in HASMCs via which TPRG1-AS1 
regulated HASMCs migration. The interaction between 

TPRG1-AS1 and MYH9 protein might also exist in other 
cell types, which can be investigated in our future works.

In the present study, the interaction between TPRG1-
AS1 and MYH9 protein resulted in degradation of MYH9 
protein, and the exposure to the proteasome inhibitor 
MG132 resulted in increased MYH9 protein levels in 
HASMCs. Thus, we reasonably speculated that there 
might be a ribonucleic acid-protein complex composed 
of lncRNA TPRG1-AS1, MYH9 protein and yet unknown 
proteasome, and the binding of TRPG1-AS1 with MYH9 
protein might promote the interaction between MYH9 
protein and unkown proteasome, thus paving the way 
for the degradation of MYH9 protein. The identification 
of the ribonucleic acid-protein complex and underlying 
mechanism of degradation of MYH9 protein needed to 
be investigated in our future works.

Previous study indicated that there was no significant 
difference in MYH9 mRNA expression between human 
nonatherosclerotic artery and primary atherosclerotic 
lesions or restenotic atherosclerotic lesions.63 Notably, 
the interaction between TPRG1-AS1 and MYH9 protein 
in HASMCs decreased MYH9 protein levels, but MYH9 
mRNA levels were not significantly changed. In previous 
studies, there were no reports about the expression of 
MYH9 protein in human unstable and stable plaques. 
The relationship between TPRG1-AS1 and MYH9 pro-
tein in human unstable and stable plaques can be further 
explored in future works, verifying whether increased 
expression of TPRG1-AS1 results in decreased expres-
sion of MYH9 protein in human advanced plaques.

In addition to MYH9 protein, 4 other actin-binding pro-
teins, namely NEXN,64 profilin1,65 Girdin,66 and Drebrin,67 
were reported to be involved in neointima formation after 
vascular injury and the pathogenesis of atherosclerosis, 
respectively. Thus, accumulating evidence indicates that 
actin-binding proteins play critical roles in the pathogen-
esis of vascular pathological remodeling. The finding of 
the present study examining the F-actin-binding protein 
MYH9 provides evidence in this regard. However, the 
VSMC-specific Myh9 knockout mice should be used to 
further validate our results.

Since lncRNA TPRG1-AS1 inhibited HASMC migra-
tion and alleviated neointima formation and atherosclero-
sis in mice, a lncRNA TPRG1-AS1-based therapy could 
serve as a potential option for migrated VSMC-related 
occlusive vascular diseases. Zhang et al applied pH low-
insertion peptide (pHLIP) as vehicles in atherosclerotic 
mice model, which provided proof of principle for the 
application of pHLIP as new delivery system for treating 
atherosclerosis.68 Liu et al69 utilized the biological func-
tionality of neutrophil and the versatility of microbubble in 
the acoustic field to form Neu-balloon, which efficiently 
delivered drug into plaques in vivo. Xu et al70 applied a 
multifunctional delivery nanosystem for targeting nucleic 
acid therapy of thoracic aortic dissection in mice model. 
These results provide insights into possibilities for ideal 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 30, 2022



ORIGINAL RESEARCH - VB
Ren et al LncRNA TPRG1-AS1 Inhibits Atherogenesis

Arterioscler Thromb Vasc Biol. 2022;42:00–00. DOI: 10.1161/ATVBAHA.122.318158 November 2022  19

approaches for transporting lncRNA TPRG1-AS1 to 
atherosclerotic plaque. However, before considering the 
application of TPRG1-AS1 in clinical practice, such as 
new delivery system-based coronary stent, the effect 
of new delivery systems should be evaluated in animal 
models first in our future works.

In summary, the present study illustrates anti-migra-
tory function of TPRG1-AS1 in HASMCs in vitro and 
attenuation of VSMC-specific TPRG1-AS1 overexpres-
sion in neointima formation, and atherosclerosis in vivo 
and reveals underlying mechanism involving the interac-
tion between TPRG1-AS1 and MYH9 protein, provid-
ing a novel insight and lncRNA-based potent inhibitor 
of HASMCs migration, potential therapies for migrated 
HASMCs-related occlusive vascular diseases.
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