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Abstract
Uncontrolled proliferation, migration and phenotypic switching of vascular smooth muscle cells (VSMCs) are im-
portant steps in the development and progression of aortic dissection (AD). The function and potential mechanism
of miR-335-5p in the pathogenesis of AD are explored in this study. Specifically, the biological function of miR-335-
5p is explored in vitro through CCK-8, Transwell, immunofluorescence, EdU, wound-healing, RT-qPCR and western
blotting assays. In addition, an AD model induced by angiotensin II is used to investigate the function of miR-335-5p
in vivo. A dual-luciferase assay is performed to verify the targeting relationship between miR-335-5p and specificity
protein 1 (SP1). Experiments involving the loss of SP1 function are performed to demonstrate the function of SP1 in
the miR-335-5p-mediated regulation of human aortic-VSMCs (HA-VSMCs). AD tissues and platelet-derived growth
factor BB (PDGF-BB)-stimulated HA-VSMCs show significant downregulation of miR-335-5p expression and upre-
gulated SP1 expression. Overexpression of miR-335-5p effectively suppresses cell proliferation, migration and
synthetic phenotype markers and enhances contractile phenotype markers induced by PDGF-BB treatment. Ad-
ditionally, SP1 is identified as a target gene downstream of miR-335-5p, and its expression is negatively correlated
with miR-335-5p in AD. Upregulation of SP1 partially reverses the inhibitory effect of miR-335-5p on HA-VSMCs,
whereas the downregulation of SP1 has the opposite effect. Furthermore, Ad-miR-335-5p clearly suppresses aorta
dilatation and vascular media degeneration in the AD model. Our results suggest that miR-335-5p inhibits HA-VSMC
proliferation, migration and phenotypic switching by negatively regulating SP1, and indicate that miR-335-5p may
be a potential therapeutic target in AD.
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Introduction
The normal aortic wall is divided into three layers: intima, media and
adventitia. Due to a variety of internal or external factors caused by
acute damage to the intima of the aorta, high-speed blood flow
through the tear into the aorta between the intima and media forms a
false cavity, which is called aortic dissection (AD) [1–3]. If the cavity
ruptures, the patient will suffer from cardiac arrest at any time. AD,
which is a cardiovascular emergency that seriously endangers hu-
man life, exhibits rapid onset and high morbidity and fatality rates.

Without immediate surgical intervention, the fatality rate of acute
AD can reach 50%–68% within 48 h and up to 90% within 3 months
after occurrence [4,5]. With the recent development of medical di-
agnosis technology, the diagnosis of this disease is no longer a major
problem, but the effective treatment of AD remains a challenge.
Further exploration of the pathogenesis of AD is conducive to the
development of new drugs and prevention of its progression.

In patients with AD, the aortic medial membrane is often char-
acterized by apoptosis of smooth muscle cells, degenerative chan-
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ges in the extracellular matrix, rupture of elastic fibers, and in-
tracellular accumulation of proteoglycans and glycosaminoglycans,
and these effects lead to decreased elasticity and vulnerability of the
aortic wall [6]. Blood vessels are composed of the intima, media and
adventitia [7], and their main cellular components are endothelial
cells, smooth muscle cells and fibroblasts. Vascular endothelial cells
and smooth muscle cells (VSMCs) play an important role in main-
tenance of the normal physiological functions of blood vessels in the
development of cardiovascular diseases [8,9]. VSMCs have the
ability to differentiate [10], and as the number of replications in-
creases, VSMCs undergo phenotypic switching, which reduces the
expression of functional markers such as smooth muscle 22 α
(SM22α), smooth muscle cell-specific myosin heavy chain
(MYH11), and α smooth muscle actin (α-SMA), and enhances cell
proliferation, migration and secretion [11,12]. The phenotypic
switching of VSMCs from a contractile phenotype to a synthetic
phenotype might be involved in the development of thoracic aortic
aneurysms and dissection [13–16]. However, the molecular me-
chanism underlying the phenotypic switching of VSMCs in AD is not
well understood. Therefore, further study of the biological behavior
and regulatory mechanism of VSMCs is important for providing new
directions and new targets for the prevention and treatment of
cardiovascular and cerebrovascular diseases.

MicroRNAs (miRNAs) are a class of single-stranded noncoding
RNAs with lengths of 19–21 bp that widely exist in the biological
world [17,18]. miRNAs can specifically recognize the 3′-
untranslated region (3′-UTR) of the target gene mRNA, inhibit the
translation of the target gene or promote its degradation, and sub-
sequently regulate the expression of the target gene [19,20]. A
variety of miRNAs have been found to be associated with some
cardiovascular diseases, such as cardiac hypertrophy, athero-
sclerosis and neointima formation [18]. miRNAs are involved in
various pathological processes of cardiovascular diseases and play a
key role in the development of the cardiovascular system and dis-
eases. AD is a serious cardiovascular disease, and some researchers
have found that miRNAs are significantly differentially expressed in
the tissues of patients with AD through gene microarray studies and
hope to reveal the potential role of miRNAs in the pathogenesis of
AD [21–23]. The upregulation of miR-335-5p represses esophageal
squamous cell carcinoma (ESCC) progression [24]. miR-335 may be
a potential therapeutic target in cardiac fibrosis and hypertrophy
because this miRNA is downregulated in the heart tissues of an-
giotensin II-induced mice and an angiotensin II-stimulated mouse
cardiomyocyte cell line [25]. miR-335 can strongly halt the effects of
classical inflammatory stimuli in both microglia and neuronal cells
and thus attenuate chronic neuroinflammation [26]. In addition,
miR-335 is involved in the progression of acute myeloid leukemia,
ovarian cancer and colorectal liver metastases [27–29]. However,
the function of miR-335-5p in AD and its potential mechanism re-
main to be identified.

Specificity protein 1 (SP1) was first discovered by Dynan et al.
[30] in the promoter of simian virus 40 and was the first tran-
scription factor isolated and purified from mammals. SP1 belongs to
the specificity protein/Krüppel-like factor family and is an im-
portant regulator of multiple cell events, such as the cell cycle,
proliferation, and apoptosis [31,32]. The level of SP1 increases
during the development of ischemia/reperfusion [33,34], Parkin-
son’s disease [35,36] and Alzheimer’s disease [37]. SP1 is involved
in VSMC proliferation and phenotype switching [38], which in-

dicates that SP1 may be involved in the development of AD.
In our study, we aimed to confirm whether miR-335-5p sup-

presses the proliferation and phenotypic switching of human aortic-
VSMCs (HA-VSMCs) by directly downregulating SP1 during the
pathophysiological processes of AD. We found that miR-335-5p
expression in the AD group was markedly lower than that in the
normal group and that the miR-335-5p mimic inhibited the pro-
liferation, migration and phenotypic switching of HA-VSMCs
induced by platelet-derived growth factor BB (PDGF-BB). Further-
more, a negative correlation was found between miR-335-5p and
SP1 expression in vivo, and the expression of SP1 was modulated by
transfection with the miR-335-5p mimic in vitro, which suggested
the involvement of miR-335-5p in the development of AD through
the negative regulation of SP1. In addition, the upregulation of miR-
335-5p clearly suppressed aorta dilatation and vascular media de-
generation in a mouse model of AD induced by angiotensin II. These
findings might provide insights into the effect of miR-335-5p in
regulating the function of HA-VSMCs in AD at the molecular level.

Materials and Methods
Tissue samples
All tissue samples (AD tissues, n=36; normal tissues, n=19) used
in this study were collected at the Fuwai Yunnan Cardiovascular
Hospital from February 2019 to March 2020. The AD samples were
collected from patients who were diagnosed with AD through pa-
thological examination and who did not receive any radiotherapy or
chemotherapy prior to surgery. Normal aorta samples were har-
vested from age- and sex-matched patients undergoing valve re-
placement. Among the collected samples, 6 AD and 4 normal
samples were used in the miRNA microarray analysis, 10 AD and 10
normal samples were utilized in the real-time quantitative PCR (RT-
qPCR) validation assay and eight of the 10 samples were also used
for the western blot assay, 5 AD and 5 normal samples were used for
hematoxylin and eosin (H&E) staining, and 15 AD tissues were used
for the correlation analysis. Written informed consents were ob-
tained from all the participants. The study was approved by the
Ethics Committee of Fuwai Yunnan Cardiovascular Hospital (2020-
032-01). All animal experiments were approved by the Animal
Ethics Committee of Kunming Medical University (kmmu2021433).

miRNA-seq analysis
Six AD samples and 4 normal samples were used in the miRNA
microarray analysis. miRNAs from tissues were extracted using an
RNAmisi microRNA kit (RN0501; Aidlab Biotechnologies, Beijing,
China) according to the manufacturer’s protocol. The miRNA ex-
pression profile of aortic tissues was analyzed by Majorbio Biome-
dical Technology (Shanghai, China). The reference genome used to
analyze our miRNA-seq data was Homo sapiens version GRCh38.
p13 from http://asia.ensembl.org/Homo_sapiens/Info/Index. The
raw data were normalized, and the basic analysis was performed
using Genespring GX 12.5 software (Agilent Technologies, Santa
Clara, USA). DESeq2 was subsequently used to determine the false
discovery rate (FDR) threshold (adjusted P value). The differentially
expressed genes (DEGs) with an adjusted P value ≤ 0.05 and |log2

FC|
≥ 1 (FC, fold change) were used to identify the number of DEGs in
the different groups.

Cell culture and plasmids
HA-VSMCs, which were purchased from CHI Scientific (Jiangyin,
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China), were cultured in DMEM/F12 (Invitrogen, Carlsbad, USA)
supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml
streptomycin in a humidified atmosphere with 5% CO2 at 37°C. The
cells were used at passage 3–6. SP1 target oligo (5′-CTGCCGTTGG
CTATAGCAAAT-3′) and negative control (NC) oligo (5′-TTC
TCCGAACGTGTCACGT-3′) were synthesized and inserted into the
pGPH1/Neo-shRNA vector by GenePharm (Shanghai, China). The
SP1 cDNA sequences were inserted into the pcDNA3.1 vector with
BamHI and XhoI enzyme sites by GenePharm. The hsa-miR-335-5p
mimic (5′-UCAAGAGCAAUAACGAAAAAUGU-3′) and NC mimic
(5′-UUCUCCGAACGUGUCACGUTT-3′) were purchased from Gen-
ePharm.

CCK-8 (cell counting kit-8) assay
HA-VSMCs were seeded on 96-well plates at a density of 2×104

cells/well, incubated for 24 h at 37°C and then transfected or co-
transfected with the miR-335-5p mimic or NC mimic, SP1/
pcDNA3.1 or pcDNA3.1 and SP1/pGPH1 or pGPH1 using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s pro-
tocol for 24 h. The cells were then treated or not treated with PDGF-
BB (20 ng/mL; PeproTech, Rocky Hill, USA) for 24, 48, and 72 h at
37°C. Subsequently, 20 μL of CCK-8 solution (C0037; Beyotime,
Shanghai, China) was added to each well, and the plates were in-
cubated for 4 h at 37°C. The absorbance (OD 450 nm) was observed
and measured using a Tecan Infinite M1000 microplate reader
(Tecan Company, Männedorf, Switzerland).

EdU (5-ethynyl-2′-deoxyuridine) assay
HA-VSMCs were seeded into a 6-well plate and then transfected or
cotransfected with miR-335-5p mimic or NC mimic, SP1/pcDNA3.1
or pcDNA3.1 and SP1/pGPH1 or pGPH1 using Lipofectamine 2000
according to the manufacturer’s protocol for 24 h. The cells were
then treated or not treated with PDGF-BB (20 ng/mL; PeproTech)
for 24 h at 37°C and then incubated with BeyoClick™ EdU-594
(C0078S; Beyotime) diluted at 1:500 for 2 h at 37°C. Subsequently,
the cells were fixed with 4% paraformaldehyde for 15 min, sub-
jected to three 5-min washes with PBS and incubated with PBST
(PBS containing 0.3% Triton X-100) for 15 min at room tempera-
ture. The cells were then incubated with 500 μL of Click Additive
Solution in the dark for 30 min at room temperature and then
subject to three 5-min washes with PBST at room temperature. The
cell nuclei were stained with DAPI (C1005; Beyotime) and the
cells were observed under a TE2000-U fluorescence microscope
(Nikon, Tokyo, Japan). The EdU-positive cells in 6 visual fields
were detected and counted.

Wound-healing assay
HA-VSMCs were seeded into a 6-well plate and then transfected or
cotransfected withmiR-335-5pmimic or NCmimic, SP1/pcDNA3.1 or
pcDNA3.1 and SP1/pGPH1 or pGPH1 using Lipofectamine 2000 ac-
cording to the manufacturer’s protocol for 24 h. A linear scratch was
then rapidly made using a 200-μL pipette tip in the center of a dish,
and the cells were treated or not treated with PDGF-BB (20 ng/mL) for
24 h at 37°C. Images of the migrated cells were captured with the
TE2000-U fluorescence microscope. The migrated distances were
calculated, and the average was calculated for statistical analysis.

Migration assay
HA-VSMCs were seeded into a 6-well plate at a density of 8×104

cells/well, incubated overnight, and then transfected with miR-335-
5p mimic or NC mimic, SP1/pcDNA3.1 or pcDNA3.1 and SP1/
pGPH1 or pGPH1 using Lipofectamine 2000 according to the man-
ufacturer’s protocol for 24 h. The cells were then collected using
0.25% trypsin (Gibco, New York, USA) and resuspended in 1 mL of
serum-free medium. Subsequently, 200 μL of cell solution (2×104

cells) was added to each upper chamber of the Transwell (8-μm
pores; Corning, New York, USA), and 500 μL of complete medium
was added to the lower chamber. The cells were treated or not
treated with PDGF-BB (20 ng/mL) for 24 h at 37°C. The cells that
migrated to the lower surface of the Transwell were fixed with 70%
methanol, stained with 0.5% crystal violet solution and then im-
aged under the TE2000-U fluorescence microscope (magnification,
×200). Five independent visual fields in each well of migrated cells
were photographed and counted, and the average number was
calculated.

Stress fiber (F-actin) staining
HA-VSMCs were seeded into a 6-well plate and then transfected
with miR-335-5p mimic or NC mimic, SP1/pcDNA3.1 or pcDNA3.1
and SP1/pGPH1 or pGPH1 using Lipofectamine 2000 according to
the manufacturer’s protocol for 24 h. The cells were then treated or
not treated with PDGF-BB (20 ng/mL) for 24 h at 37°C. The cells
were washed with PBS and fixed with 4% formaldehyde in 6-well
dishes for 20 min at room temperature. The cells were subjected to
three 5-min washes with PBST (PBS containing 0.1% Triton X-100)
at room temperature and incubated with Actin-Tracker Green-488
(1:200, C2201S; Beyotime) in the dark for 1 h at 4°C. The cell nuclei
were stained with DAPI (C1005; Beyotime) and the cells were
subjected to three 5-min washes with PBST at room temperature.
Fluorescence images were obtained under the TE2000-U fluores-
cence microscope. The average integral optical density of the stress
fibers in 6 visual fields was quantified using ImageJ 2x software
(National Institutes of Health, Bethesda, USA).

Construction of AD model
Eighteen 8- to 10-week-old female ApoE–/– mice were purchased
from Vital River Company (Beijing, China) and randomly divided
into three groups (n=6 in each group): normal group, AD group
and Ad-miR-335-5p group. All animal experiments were performed
in accordance with the guidelines of the Laboratory Animal Centre
of Kunming Medical University. Twelve ApoE–/– mice were treated
with angiotensin II (injected intraperitoneally, 20 mg/kg/day; San-
gon, Shanghai, China) and fed with a 21% high-fat diet (Vital River)
for 4 weeks to construct the AD model. And 1, 2, and 3 weeks after
initiation of the construction of the AD model, the ApoE–/– mice in
the AD and Ad-miR-335-5p groups were injected with 20 μL of Ad-
NC or Ad-miR-335-5p (1010 pfu/mL; GeneChem, Shanghai, China)
around the thoracic aorta arch. After model construction, the mice
were euthanized with 150 mg/kg pentobarbital sodium via in-
traperitoneal injection. The aortas were harvested for H&E and
immunohistochemical assays.

Dual-luciferase reporter assay
SP1 DNA sequences consisting of 300 bp around the miR-335-5p
wild-type (WT) binding site or mutant (MUT) site were synthesized
and inserted into the psiCHECK2 vector following the luciferase
gene using the PmeI and XhoI enzyme sites by GenePharm. HA-
VSMCs were transfected in 12-well plates with 0.5 μg of psiCHECK2
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reporter vectors (Promega, Madison, USA) (empty, SP1-WT 3′-UTR,
SP1-MUT 3′-UTR) and miR-335-5p or NC mimic (20 nM) according
to the instructions provided with the Dual-luciferase Reporter Assay
System (E1910; Promega). The relative luciferase activity was nor-
malized to Renilla activity using the Tecan Infinite M1000 micro-
plate reader.

Real-time quantitative PCR (RT-qPCR) assay
Total RNA from tissues and cells was isolated using TRIzol reagent
(15596018; Invitrogen) according to the manufacturer’s protocol.
miRNAs from the cells were extracted using an RNAmisi micro-
RNA kit (RN0501; Aidlab) according to the manufacturer’s pro-
tocol. First-strand cDNA was generated from total RNAs and
miRNAs using the PrimeScript RT Reagent Kit (RR036Q; Takara,
Dalian, China) and the miRNA first-strand synthesis kit (PC4801;
Aidlab), respectively, according to the manufacturer’s instruc-
tions. Real-time PCR was performed using SYBR Green Premix
(RR420A; Takara) or miRNA qPCR Mix (PC6301; Aidlab) and an
ABI 7900 real-time PCR system (Applied Biosystems, Foster City,
USA). The results were analyzed using the 2–ΔΔCt method. GAPDH
and U6 served as the internal controls for the mRNA and miRNA
qPCR assays, respectively. The primer sequences used are listed in
Table 1.

Western blot analysis
The cells were lysed using RIPA lysis buffer (P0013B; Beyotime) for
total protein extraction. The proteins were quantified using a BCA
kit (P0012; Beyotime), separated by 10% SDS-PAGE (P0012A; Be-
yotime), and transferred onto 0.45-μm polyvinylidene fluoride
(PVDF) membranes (IPVH00010; Millipore, Billerica, USA). The
membranes were blocked with 5% nonfat milk (P0216; Beyotime)
for 2 h at room temperature and then incubated with primary an-
tibodies against α-SMA (1:1000, bs-10196R; Bioss, Beijing, China),
SM22α (1:1000, 10493-1-AP; ProteinTech, Rosemont, USA), CNN1
(1:1000, bs-0095R; Bioss), OPN (1:1000, bs-0026R; Bioss), Collagen
I (1:1000, 14695-1-AP; ProteinTech) and β-actin (1:2000, 20536-1-
AP; ProteinTech) overnight at 4°C. The membranes were then in-
cubated with goat anti-rabbit IgG (1:5000, SA00001-2; ProteinTech)
at 37°C for 1 h. An ECL chemiluminescence kit (P0018S; Beyotime
Institute of Biotechnology) was utilized for chemiluminescence
detection with the Bio-Rad Gel Doc XR+ Gel Imaging System (Bio-
Rad, Hercules, USA). β-Actin served as an internal control. ImageJ
2x software was used to quantify the protein bands.

Hematoxylin and eosin (H&E) staining
The tissues were fixed with 4% paraformaldehyde and then em-
bedded in paraffin using routine methods. Four-micrometer-thick
tissue sections were cut and then subjected to xylene dewaxing and
gradient alcohol (100%, 95%, 90%, 80%, and 70% ethanol) re-
hydration. The paraffin-embedded samples were cut into 4-μm-
thick slices and placed on slides. The slides were dewaxed, hy-
drated, and stained using an H&E Staining Kit (G1120; Solarbio,
Beijing, China) according to the instructions. The slides were then
dehydrated with ethanol, cleared with xylene, sealed with neutral
gum, and visualized using an optical microscope (ECLIPSE Ci; Ni-
kon) under different magnifications to confirm the formation of AD.
All slides were observed by a blinded investigator under the
ECLIPSE Ci microscope (200×). Five fields of each slice were se-
lected, and the aortic media thickness was measured using ImageJ

2x software.

Immunohistochemical staining
The 4-μm-thick sections were deparaffinized in xylene and hydrated
using an ethanol-deionized water series. The sections were in-
cubated with 3% H2O2 for 10 min at room temperature to block
endogenous peroxidase activity, blocked with 5% goat serum (So-
larbio), and then incubated with anti-SP1 antibody (1:200, bs-
0975R; Bioss), anti-α-SMA antibody (1:200, bs-10196R; Bioss) and
anti-OPN antibody (1:200, bs-0026R; Bioss) at 4°C overnight and
then with HRP-labeled secondary antibody (1:500, AS014; ABclo-
nal, Wuhan, China) at room temperature for 1 h. The sections were
stained with a DAB kit (Maixin, Fuzhou, China) according to the
manufacturer’s instructions. The sections were then counterstained
with hematoxylin for 5 min at room temperature to visualize the
nuclei and observed under the ECLIPSE Ci microscope (magnifica-
tion×400). Brownish-yellow granules indicate immunoreactive
(positive) cells, and the levels of positive protein expression were
quantified using ImageJ 2x software.

Statistical analysis
GraphPad Prism 5.0 software (GraphPad Software, San Diego, USA)
was used for the statistical analyses. Data are expressed as the mean
± standard deviation (SD). Each experiment was performed at least
three times independently. The differences between two groups
were compared by Student’s t-test (two-tailed) and the differences
among three or more groups were assessed by one-way ANOVA
with Tukey’s post-hoc test. P<0.05 was considered to indicate
statistical significance.

Results
miR-335-5p is downregulated in AD tissue
miRNA sequencing analyses of 6 dissected aortic tissues and 4
normal aortic tissues were performed, and the dissected and normal
human aortic tissues were subject to H&E staining. As demonstrated
by the staining analysis, the normal aortic tissue showed a complete
and continuous aortic structure (intima, tunica media and ad-
ventitia), and the VSMCs in the normal group exhibited a normal
morphology and were well aligned. In contrast, the AD group ex-
hibited separation between the intima and tunica media, substantial
vascular media degeneration with disordered filament assembly,
and larger and more rounded VSMCs (Figure 1A). A total of 23
differentially expressed miRNAs were obtained, including 18 up-
regulated and 5 (miR-335-5p, miR-335-3p, miR-203a-3p, miR-148a-
5p, and miR-139-5p) downregulated miRNAs (Figure 1B,C). The
fold changes in miR-335-5p and miR-335-3p expression between the
normal and AD samples were greater than those found for other
miRNAs, and the fold change in miR-335-5p expression was similar
to that found for miR-335-3p; thus we selected miR-335-5p for
subsequent research. RT-qPCR assay further showed that miR-335-
5p was significantly downregulated in the AD group compared with
that in the normal group (Figure 1D). These data indicate that the
miR-335-5p level is decreased in AD.

miR-335-5p mimic inhibits the proliferation, migration
and phenotypic switching of HA-VSMCs induced by
PDGF-BB
PDGF-BB can trigger the synthetic (dedifferentiated) phenotype,
proliferation and migration of VSMCs and the participation of these
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cells in vascular remodeling [39]. Therefore, PDGF-BB was used to
establish the pathological HA-VSMC models. HA-VSMCs were ex-
posed to PDGF-BB, and the expression of miR-335-5p was sig-
nificantly lower in the PDGF-BB-treated cells than in the control
cells (Figure 2A). HA-VSMCs were transfected with miR-335-5p
mimic to overexpress miR-335-5p (Figure 2B). The CCK-8 and EdU
assays revealed a significant decrease in cell proliferation after miR-
335-5p treatment with or without PDGF-BB stimulation (Figure 2C,
D). The miR-335-5p mimic markedly decreased the number of mi-
grated cells both in the presence and in the absence of PDGF-BB
(Figure 2E). The miR-335-5p mimic significantly inhibited the mi-
gration of VSMCs compared with that found in the NC group, re-
gardless of induction with PDGF-BB (Figure 2F). Protuberance of
the plasma membrane or extension of the lamellar pseudopod at the
cell margin is the main driving force for HA-VSMC migration; thus

cell migration is closely related to the polymerization, depolymer-
ization and rearrangement of the actin cytoskeleton (F-actin) [40].
The F-actin formation analysis revealed a few irregular and scat-
tered stress fiber bundles in the untreated HA-VSMCs, in contrast, a
higher number of F-actin stress fibers were arranged longitudinally
and parallel in the PDGF-BB-treated cells, and this effect was ac-
companied by reorganization of the actin cytoskeleton with the
formation of lamellipodia. Moreover, the miR-335-5p mimic mark-
edly suppressed the formation of migration-related F-actin stress
fibers, and this structural change was associated with an increased
cell size, as assessed by calculating the cell area (Figure 2G). These
results revealed that miR-335-5p is a potential regulator of HA-
VSMC proliferation and migration in the pathogenesis of AD.

To further demonstrate the impact of miR-335-5p on the phenotypic
switching of HA-VSMCs, the expressions of various contractile mar-

Figure 1. miR-335-5p is downregulated in human AD tissue (A) H&E staining of dissected aortic tissues and normal aortic tissues. The top row
shows the normal group, and the bottom row shows the AD group. Scale bars: 500 μm (left), 200 μm (center) and 100 μm (right), n=5. (B) Volcano
map of the differentially expressed miRNAs between AD and normal tissues, which included 18 upregulated miRNAs (red) and 5 downregulated
miRNAs (green). (C) Heatmap of differentially expressed miRNAs in the AD group compared with that in the normal group. N: normal tissues; JC:
aortic dissection tissues. (D) The expression of miR-335-5p as validated by RT-qPCR. Data are expressed as the mean±SD (n=10) based on
triplicate independent experiments and were analyzed by Student’s t-test. *P<0.05, **P<0.01 and ***P<0.001.
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kers including α-SMA, SM22α and calponin (CNN1), and synthetic
markers (OPN and Collagen I) of HA-VSMCs were determined by RT-
qPCR and western blot analysis. As shown in Figure 2H,I, the miR-

335-5pmimic significantly increased the expressions of SM22α, α-SMA
and CNN1 in cells that were treated or not treated with PDGF-BB;
moreover, decreased OPN and Collagen I expression was observed in

Figure 2. Role of miR-335-5p in the proliferation, migration and phenotypic switching of PDGF-BB-treated HA-VSMCs (A) The expression of miR-
335-5p in HA-VSMCs treated or not treated with PDGF-BB was detected by RT-qPCR (n=3). (B) The overexpression efficiency of the miR-335-5p
mimic was examined by RT-qPCR (n=3). (C) The proliferation of HA-VSMCs in the different groups at different time points was detected by the
CCK-8 assay (n=3). (D) The proliferation rate was measured by the 5-ethynyl-2′-deoxyuridine (EdU) assay (left, scale bar=50 μm), and the EdU-
positive cell percentage was calculated (right, n=3). (E) Representative photographs of Transwell assays of the different groups (upper), scale bar
=100 μm, and quantitative analysis of the number of migrated cells (lower, n=3). (F) Representative images of the wound-healing assay of the
different groups are shown (upper, scale bar=500 μm), and the wound closure ratio was analyzed (lower, n=3). (G) Representative fluorescence
microscopy images of F-actin stress fibers in HA-VSMCs of the different groups (upper). The white arrows denote lamellipodia. Green, stress fibers
(F-actin); blue, DAPI. Scale bar=50 μm. The mean optical density of F-actin expression in the different groups was quantified based on 6 visual
fields using ImageJ 2x software (n=3). Quantitative analysis of the cell area (n=3). (H,I) The mRNA and protein levels of contractile and synthetic
genes in HA-VSMCs of the different groups were analyzed by RT-qPCR and western blot analysis, respectively, n=3. Data are expressed as the
mean±SD based on triplicate independent experiments and were analyzed by one-way ANOVA. *P<0.05, **P<0.01 and ***P<0.001.
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HA-VSMCs treated with the miR-335-5p mimic in the presence or
absence of PDGF-BB. These findings support the notion that miR-335-
5p is a novel regulator of the phenotypic switching of HA-VSMCs.

miR-335-5p suppresses AD progression in vivo
To demonstrate whether miR-335-5p represses vascular lesion for-
mation in vivo, we constructed an AD mouse model with vascular
media degeneration through administration of a peritoneal injection
of angiotensin II and a high-fat diet for 4 weeks. As determined by
H&E staining, VSMCs with a normal morphology and no vascular
lesion formation were found in the control group; vascular media
degeneration with larger and more rounded VSMCs, deficiency of
the normal VSMC contractile apparatus, and dissection formation
were observed in the AD model+Ad-NC group; and significant re-
pression of aorta dilatation and a significantly reduced vascular
media thickness were found in the AD model+Ad-miR-335-5p
group (Figure 3A). To corroborate the in vitro results, we then de-
tected the expressions of SP1, α-SMA and Collagen I, and found that
the miR-335-5p-injected mice exhibited higher expressions of SP1
and α-SMA and a concomitant decrease in the Collagen I protein
distribution (Figure 3B). These data suggest that miR-335-5p sig-
nificantly suppresses vascular media degeneration by inhibiting SP1

during AD progression.

Identification of SP1 as a target gene of miR-335-5p
in HA-VSMCs
TargetScan (http://targetscan.org/) was used to predict the target of
miR-335-5p with the aim of exploring the potential mechanism of
miR-335-5p in the PDGF-BB-induced phenotypic switching of HA-
VSMCs. SP1 was found to be the target gene of miR-335-5p, and the
putative binding site was found in the SP1 3′-UTR at 4578–4586, as
shown in Figure 4A. Subsequently, two luciferase vectors contain-
ing the 100-bp WT or MUT 3′-UTR of SP1 were constructed and used
in a luciferase reporter assay to confirm the predictions. HA-VSMCs
were cotransfected with NC or miR-335-5p mimic and the psi-
CHECK2, SP1-WT or SP1-MUT luciferase reporter vector. A dual-
luciferase reporter assay revealed that the miR-335-5p mimic sig-
nificantly suppressed the relative luciferase activity in HA-VSMCs
transfected with SP1-WT, but significant suppression was not ob-
served with SP1-MUT (Figure 4B). The RT-qPCR data revealed a
negative correlation between miR-335-5p and SP1 expression
(Figure 4C), and SP1 was upregulated in the aortic tissues of pa-
tients with AD (Figure 4D) and in HA-VSMCs treated with PDGF-BB
(Figure 4E). The miR-335-5p mimic was transfected into HA-VSMCs

Figure 3. miR-335-5p inhibits dissection formation in vivo (A) Representative graphs of H&E-stained aortas from the different groups. Data are
presented as the mean±SD. Scale bar=50 μm. Quantitative analysis of the aortic media thickness of the different groups. (B) SP1, α-SMA, and Collagen
I staining based on an immunohistochemistry assay and quantification of cells positive for these markers (n=5). Scale bar=20 μm. Data are expressed
as the mean±SD based on triplicate independent experiments and were analyzed by one-way ANOVA. *P<0.05, **P<0.01 and ***P<0.001.
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to further confirm whether SP1 is directly regulated by miR-335-5p.
The RT-qPCR data revealed that SP1 was markedly downregulated
after transfection with the miR-335-5p mimic (Figure 4F). These
results showed that the expression of SP1 is regulated by miR-335-
5p, which indicates that miR-335-5p regulates AD progression by
targeting SP1.

SP1 downregulation inhibits HA-VSMC proliferation,
migration and phenotypic switching
To further investigate the impact of SP1 on HA-VSMC function, we
inserted the SP1 shRNA sequence into the pGPH1/Neo plasmid, and
the SP1 shRNA plasmid was then transfected into HA-VSMCs
treated or not treated with PDGF-BB to detect the proliferation,
migration and phenotypic switching of HA-VSMCs by CCK-8,
Transwell, wound-healing and RT-qPCR assays. As presented in
Figure 5A, HA-VSMCs were transfected with SP1 shRNA to down-
regulate SP1. The CCK-8 assay revealed a significant decrease in cell

proliferation after SP1 shRNA treatment with or without PDGF-BB
stimulation (Figure 5B). The Transwell and wound-healing assays
showed that SP1 shRNA significantly inhibited HA-VSMC migration
and that PDGF-BB treatment promoted cell migration (Figure 5C,D).
In addition, the RT-qPCR data suggested that SP1 shRNA markedly
increased the expressions of contractile markers (α-SMA, SM22α
and CNN1) and inhibited the expression of synthetic markers (OPN
and Collagen I) regardless of PDGF-BB stimulation (Figure 5E).
Taken together, these data confirm that SP1 is an important med-
iator of HA-VSMC proliferation, migration and phenotypic switch-
ing and that SP1 is associated with the miR-335-5p-mediated
regulation of HA-VSMC function.

miR-335-5p alleviates PDGF-BB-induced HA-VSMC
proliferation, migration and phenotypic switching
through the modulation of SP1 expression
To demonstrate the biological function of miR-335-5p mediated by

Figure 4. SP1 is a target of miR-335-5p (A) Theoretical sequence alignment of miR-335-5p and the 3′-UTR of SP1 predicted using TargetScan. (B)
Luciferase assay of HA-VSMCs. The relative luciferase activities (normalized to Renilla luciferase activities) of plasmids carrying WT/MUT SP1 were
analyzed (n=3). (C) The correlation between the miR-335-5p and SP1 levels in AD was measured based on a Pearson correlation analysis (n=15).
(D–F) The mRNA and protein levels of SP1 in AD tissues, PDGF-BB-treated HA-VSMCs (n=3) and miR-335-5p mimic-transfected HA-VSMCs (n=3)
were detected by RT-qPCR (upper, n=10) and western blot analysis (middle and lower, n=8). Data are expressed as the mean±SD based on
triplicate independent experiments and were analyzed by one-way ANOVA. **P<0.01 and ***P<0.001.
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SP1 in AD progression, functional rescue assays were designed with
HA-VSMCs. As shown in Figure 6A, in the presence of PDGF-BB, the
decrease in cell proliferation induced by the miR-335-5p mimic
showed recovery with the simultaneous transfection with SP1/
pcDNA3.1 and was aggravated by the simultaneous transfection
with SP1/pGPH1. Moreover, the miR-335-5p-induced inhibition of
migration and the observed decreases in the F-actin levels and cell
areas were reversed by the simultaneous transfection with SP1/
pcDNA3.1, and all of these effects were aggravated by the si-
multaneous transfection with SP1/pGPH1 (Figure 6B–F). Im-

portantly, in the presence of PDGF-BB, many HA-VSMCs exhibited
reorganization of the actin cytoskeleton with the formation of la-
mellipodia, which was consistent with a migratory cell phenotype,
and the decrease in migratory HA-VSMCs induced by the miR-335-
5p mimic could be rescued by the simultaneous overexpression of
SP1 and aggravated by the simultaneous knockdown of SP1 (Figure
6F). We also confirmed that the miR-335-5p mimic promoted the
expressions of several contractile genes (SM22α, CNN1) and re-
duced the expressions of synthetic gene (OPN) at both the mRNA
level (Figure 6G) and the protein level (Figure 6H) in the presence of

Figure 5. SP1 is involved in HA-VSMC proliferation, migration and phenotypic switching (A) The transfection efficiency of SP1/pGPH1 was
examined by RT-qPCR (n=3). (B) The proliferation of HA-VSMCs in the different groups at different times was detected by the CCK-8 assay (n=3).
(C) Representative images of Transwell assay of the different groups (upper, scale bar=50 μm), and quantitative analysis of the number of
migrated cells (lower, n=3). (D) Representative images of the wound-healing assay of the different groups (left, scale bar=200 μm) are shown, and
the wound closure ratio was analyzed (right, n=3). (E) RT-qPCR analysis of the mRNA expression levels of contractile markers (α-SMA, SM22α, and
CNN1) and synthetic markers (OPN and Collagen I) in the different groups (n=3). Data are expressed as the mean±SD based on triplicate
independent experiments and were analyzed by one-way ANOVA. *P<0.05, **P<0.01 and ***P<0.001.
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PDGF-BB, and these effects were inhibited by the simultaneous
transfection with SP1/pcDNA3.1 and promoted by the simulta-
neous transfection with SP1/pGPH1. These results confirm that the
function of miR-335-5p in inhibiting the proliferation, migration and
phenotypic switching of HA-VSMCs is achieved by the negative
regulation of SP1 expression.

Discussion
AD is a life-threatening medical emergency with very high mortality
[41,42]. Previous studies on the pathogenesis of AD focused on the
degeneration of the aortic media, the phenotypic switching of
smooth muscle cells, the inflammatory process of the aortic media
and the degradation mechanism of the extracellular matrix [43,44].
VSMCs, as the main cellular component of the aortic media [10],
have long been the focus of research on the pathogenesis of AD.
VSMCs exhibit two types of phenotypes: contractile and synthetic.
The VSMCs found in normal aortas mainly exhibit a contractile
phenotype, which is characterized by a high differentiation degree,
low proliferation and migration abilities, and strong contractile

ability. However, the VSMCs in AD are mainly synthetic and thus
exhibit low differentiation, enhanced proliferation and migration
abilities, and weak contractile ability [45].

Our miRNA-seq data revealed that 18 miRNAs (such as miR-21-
5p, miR-210-3p and miR-31-5p) were upregulated and 5 miRNAs
(miR-203a-3p, miR-335-5p, miR-148a-5p, miR-335-3p and miR-139-
5p) were downregulated in the AD group compared with those in
the normal group. A previous study showed that miR-31-5p ex-
aggerates VSMC phenotypic switching in vitro and promotes aortic
aneurysm/dissection development in vivo [46]. Our miRNA-seq
data also indicated the probable and potential positive regulatory
effects on AD. To our knowledge, the participation of miR-335-5p in
aortic diseases has not been previously investigated. Many studies
have demonstrated that miR-335 is involved in the progression of
acute myeloid leukemia, ovarian cancer and colorectal liver me-
tastases [27–29]. Moreover, miR-335 may be a potential therapeutic
target in cardiac fibrosis and hypertrophy [25]. However, the effect
of miR-335-5p on VSMC phenotype switching during the develop-
ment of AD has not been clarified. In the present study, through an

Figure 6. miR-335-5p upregulates HA-VSMC proliferation, migration and phenotypic switching by targeting SP1 (A) The proliferation of HA-
VSMCs in the different groups at different times was detected by the CCK-8 assay (n=3). (B) Quantitative analysis of the number of migrated cells
in the Transwell assay (n=3). (C) The mean optical density of F-actin expression in the different groups was analyzed based on 6 visual fields using
ImageJ 2x software, and the relative fluorescence intensity was calculated (n=3). (D) Quantitative analysis of the cell area (n=3). (E) Re-
presentative images of Transwell assays of the different groups. Scale bar=50 μm. (F) Representative fluorescence microscopy images of stress
fiber F-actin in HA-VSMCs of the different groups. Green, stress fibers (F-actin); blue, DAPI. Scale bar=100 μm. (G) The phenotypic switching of HA-
VSMCs was determined by western blot analysis. (H) Quantitative results of the western blot analysis, n=3. Data are expressed as the mean±SD
based on triplicate independent experiments and were analyzed by one-way ANOVA. *P<0.05, **P<0.01 and ***P<0.001 vs the control group;
#P<0.05, ##P<0.01 and ###P<0.001 vs the PDGF-BB+NC group; &P<0.05, &&P<0.01 and &&&P<0.001 vs the PDGF-BB+miR-335-5p mimic group. 1:
the control group; 2: the miR-335-5p mimic group; 3: the PDGF-BB+NC group; 4: the PDGF-BB+mimic group; 5: the PDGF-BB+mimic+pcDNA3.1
group; 6: the PDGF-BB+mimic+SP1/pcDNA3.1 group; 7: the PDGF-BB+mimic+pGPH1 group; 8: the PDGF-BB+mimic+SP1/pGPH1 group.
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RT-qPCR analysis of aortic tissues from normal individuals and
patients with AD, we first found that AD aortic tissues had low miR-
335-5p expression and high SP1 expression, and demonstrated that
miR-335-5p might play a role in the pathophysiologic processes of
AD by regulating SP1. Our data showed that miR-335-5p inhibited
PDGF-BB-induced VSMC proliferation, migration and phenotypic
switching via SP1. Yuan et al. [14] and Yan et al. [15] found that
VSMCs undergo switching from the contractile to the synthetic
phenotype and play a role in AD.

PDGF-BB, which is derived from platelets, endothelial cells and
macrophages, exerts chemotactic effects, stimulates the prolifera-
tion and migration of smooth muscle cells and is a chemotactic
agent in vitro [39]. This potent atherogenic stimulus also triggers
VSMC dedifferentiation, proliferation, and migration into the
neointima after artery injury [47,48]. Therefore, to investigate the
effect of miR-335-5p on VSMC proliferation and migration, gain-of-
function experiments were performed using cells treated with
PDGF-BB. We found that the expression of miR-335-5p in PDGF-BB-
treated cells was lower than that in NC-treated cells. Moreover, miR-
335-5p upregulation significantly inhibited human VSMC pro-
liferation and migration. Our mechanistic analysis confirmed that
the transcription factor SP1 is a pivotal target of miR-335-5p in
VSMCs. SP1, which is a member of the SP1/Krüppel-like tran-
scription factor family [49], is involved in the development and
progression of cardiovascular diseases by promoting the prolifera-
tion and migration of VSMCs [50,51]. Our results demonstrated that
SP1 silencing significantly inhibited human VSMC proliferation and
migration. A previous study proved that SP1 is upregulated fol-
lowing vascular injury in vivo and that SP1 knockdown abolishes
the PDGF-BB-induced switching of VSMCs from the contractile to
the synthetic phenotype [52]. Our gain-of-function and loss-of-
function experimental data for SP1 also support and confirm this
notion. We further demonstrated that miR-335-5p suppresses
PDGF-BB-induced VSMC proliferation and migration via the target
gene SP1. Angiotensin II can cause elevated blood pressure, and
long-term hypertension can lead to intimal hyperplasia of the aorta,
which in turn leads to intimal injury of the aorta, tearing of the
medial membrane, and dissection [53]. Furthermore, the over-
expression of miR-335-5p in mouse models of AD induced by an-
giotensin II clearly suppressed vascular media degeneration and
dissection formation.

The regulation of the VSMC phenotype is important in vascular
remodeling and lesion formation [10], and VSMC phenotypic
switching plays a crucial role in AD [54]. Patients with AD exhibit
lower expressions of SM22α, α-SMA and MHC in contractile smooth
muscle cells and higher expressions of vimentin and OPN in syn-
thetic smooth muscle cells in the aortic wall compared with normal
individuals [55]. The characteristic biological change during the
initiation and development of AD is the transformation of VSMCs
from the contractile to the synthetic type, and related genes can be
used as a reference for the prediction of AD [55]. OPN, as a new
cytokine, shows high expression in the arterial wall tissue of pa-
tients with thoracic AD [16], which suggests that OPN plays an
important role in AD. Yuan et al. [56] indicated that the upregula-
tion of OPN may play a role in the pathogenesis of aortopathies,
including AD, aortic aneurysm, and coronary artery disease. In
cardiovascular diseases, the phenotype of VSMCs is altered, and the
expressions of the abovementioned specific VSMC biomarkers are
modulated [10]. Collagen I is also regarded as a synthetic VSMC

marker in VSMC phenotypic switching [57,58]. In the current study,
we evaluated the impact of miR-335-5p on the phenotypic switching
of VSMCs and found that high levels of miR-335-5p reduced the
expressions of the synthetic markers OPN and Collagen I and in-
creased the levels of the contractile markers α-SMA, SM22α and
CNN1. Moreover, SP1 was confirmed to serve as a mediator of the
effect of miR-335-5p on the phenotypic switching of VSMCs. Many
studies have observed low expression of miR-335-5p in breast
cancer, lung cancer and stomach cancer, and this low expression of
miR-335-5p results in loss of its regulatory effect on the target gene,
which leads to the promotion of initiation and development of tu-
mors [59–61]. However, whether miR-335-5p can inhibit the de-
velopment of AD by negatively regulating SP1 has not been
reported.

In summary, our study showed that aortic specimens from pa-
tients with AD presented higher level of miR-335-5p than those from
normal controls. The upregulation of miR-335-5p inhibited VSMC
proliferation and migration and induced VSMC phenotypic switch-
ing from the synthetic to the contractile type by directly down-
regulating SP1 in vitro. Thus, miR-335-5p/SP1 signaling might be a
novel therapeutic target for the treatment of AD. Our results de-
monstrate the potential of applying miR-335-5p as a therapeutic
strategy for cardiovascular diseases characterized by VSMC pro-
liferation, and indicate that miR-335-5p/SP1 signaling may occur in
VSMCs through a mechanism that needs to be further investigated.
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