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Abstract: Mechanical stretch modulates the proliferation of vascular smooth muscle cells (VSMCs) and plays an important
role in the pathogenesis of hypertension, but the underlying mechanisms are unclear. We investigated the role of microRNA-
1-3p (miRNA-1-3p) on the proliferation of VSMCs induced by mechanical cyclic stretch. Our data show that miRNA-1-3p
is downregulated in the aorta of the spontaneous hypertension rat (SHR). Pathological mechanical stretch at 15% suppressed
the expression of miRNA-1-3p, calponin and SM22, but enhanced the proliferation of VSMCs as well as the expression of
the V-ets erythroblastosis virus E26 oncogene homolog 1 (ETS-1), collagen type I alpha (Col-1a), collagen type III alpha
(Col-3a) and elastin. Overexpression of miRNA-1-3p inhibited cell proliferation and induced the expression of calponin
and SM22, but decreased the expression of ETS-1, Col-1a, Col-3a and elastin. Mechanical stretch at 15% combined with
losartan treatment increased the expression of miRNA-1-3p, calponin and SM22, and decreased the expression of ETS-1,
Col-1a and Col-3a. Dual luciferase reporter assays revealed ETS-1 as a direct target of miRNA-1-3p. These findings suggest
that miRNA-1-3p regulates VSMC function through ETS-1 regulation during hypertension-induced vascular remodeling.
MiRNA-1-3p may be a viable therapeutic target for hypertension.
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INTRODUCTION phenotype accompanying decreased expression of
VSMC-specific genes [1-3]. During hypertension, the
exacerbated stretch leads to VSMC dysfunction and
pathological vascular remodeling. This is characterized
by increased VSMC proliferation, migration, excessive
extracellular matrix deposition and a cell phenotypic
switch [2,3]. Although the role of mechanical stretch

on VSMC functions has been studied, its underlying

Vascular cells are subjected to continuous mechani-
cal force due to the pulsatile nature of blood flow [1].
Shear stress primarily affects endothelial cells and cyclic
stretch influences a range of cells in the vascular wall,
in particular VSMCs. Mature VSMCs are fully differ-
entiated cells that express a variety of VSMC-specific

genes including calponin, a-actin, SM22, SM myosin
heavy chain and smoothelin, which are identified as
markers of mature VSMCs. In response to environ-
mental cues, VSMCs switch from a differentiated
(contractile) phenotype to a dedifferentiated (synthetic)
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mechanism(s) have not been fully defined.

MicroRNAs (miRNAs) are a class of small non-
coding single-stranded RNA molecules, ~18-24 nu-
cleotides in length, which are important regulators
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of gene expression [4]. There is increasing evidence
that miRNAs are involved in cardiovascular biology,
physiology and pathology. For example, both mir-143
and mir-145 are overexpressed in VSMCs and are
considered as the key regulators of restenosis, which
decreases during vascular injury and arteriosclerosis
[5,6]. Mir-125a-5p and mir-128-3p are regarded as
novel modulators of the phenotypic transformation of
VSMCs during vascular disease [7,8]. Recent reports
have shown that a variety of miRNAs also regulate the
mechanical stretch-induced differentiation of VSMCs.
It was shown that 16% cyclic stretch could inhibit the
key phenotypic molecules of VSMCs by inhibiting mir-
145 that regulates the transformation of VSMCs [9].
Also, it was found that mir-144/451 plays an important
regulatory role in the phenotypic transformation of
VSMCs induced by cyclic stretch [10].

Studies have shown that miRNA-1-3p is associated
with a variety of cell functions, including the regulation
of cell proliferation, migration and apoptosis [11,12]. It
was reported that the expression of miRNA-1-3p was
significantly inhibited in hepatocellular carcinoma cell
lines, and overexpression of miRNA-1-3p markedly
restrained the proliferation of hepatocellular carcinoma
cell [13]. Downregulation of miRNA-1-3p was found
in a variety of cancers, such as gastric cancer [14],
colorectal primary tumors [15] and oral squamous
cell carcinoma [16]. A recent study showed that the
expression of miRNA-1-3p was decreased in hyper-
trophic cardiomyopathy and was closely associated
with left ventricular dysfunction [17].

MiRNA-1-3p has been reported to regulate growth,
migration and phenotypic modulation of VSMCs
[18,19]. The expression of miRNA-1-3p was reduced
by hypoxia in pulmonary VSMCs from rat as well as in
pulmonary VSMCs isolated from pulmonary arterial
hypertension patients. Overexpression of miRNA-1-3p
protects from the development of pulmonary arterial
hypertension [18]. In addition, insulin-like growth
factor 1 (IGF1) was identified as a target of miRNA-
1-3p in VSMCs, and downregulation of IGF1 by the
introduction of miRNA-1 mitigates the proliferation
of the VSMCs [19]. Furthermore, upregulation of
miRNA-1-3p by myocardin resulted in the inhibition
of VSMC proliferation and induction of contractile
proteins [20]. Although miRNA-1-3p has been shown
to be involved in the regulation of VSMC function,
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whether it affects the proliferation of VSMC in response
to cyclic stretch remains unclear.

In this study, we explored the role of miRNA-1-3p
and its pathway in VSMCs during cyclic stretch. We
observed that ETS-1 was the direct target of miRNA-
1-3p. MiRNA-1-3p modulated the proliferation of
VSMC at least in part through the regulation of ETS-1.

MATERIALS AND METHODS

Ethics statement

Animal care and experimental protocols were performed
in accordance with the Animal Management Rules of
China (55, 2002, Ministry of Health, China). Animal
procedures were performed according to protocols
approved by the Committee for Animal Care and Use
(Ethics code SCXK Shanghai 2018-0004).

Rat models of SHR and WKY

Spontaneously hypertensive rats (SHR) and rats with
normal blood pressure (WKY) aged 18 weeks were
purchased from the Charles River Laboratories Beijing
Co., LTD (Shanghai, China). Blood pressure measure-
ments were performed prior to the harvesting of thoracic
aortas. Tissues were stored at -80°C prior to analysis.

Cell culture

Sprague-Dawley (SD) rats weighing 125 g were pur-
chased from Shanghai Jiesijie Experimental Animals
Co., LTD. (Shanghai, China). Primary VSMCs were
cultured as previously described [21]. VSMC purity
was confirmed by immunofluorescent detection of
alpha smooth muscle actin (Beyotime Biotechnology,
China). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum and 1% pen/strep (Thermo Fisher
Scientific, USA) at 37°C and 5% CO,ina humidified
incubator (Thermo Fisher Scientific, USA).

Cell transfection

VSMCs of the rat thoracic aorta were seeded onto 6-well
plates (2.0x10° cells/well) and cultured overnight to
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~70% confluence. VSMCs were then transfected with
miRNA-1-3p agomir or negative controls at a concen-
tration of 20 nmol/L using siRNA-Mate reagent as per
the manufacturer’s recommendations (Genepharma,
Shanghai, China). MiRNA-1-3p agomir sequences were
as follows: sense (5’-3") UGG AAU GUA AAG AAG
UGU GUA U; antisense: (5°-3’) ACA CACUUC UUU
ACAU UCC AUU. Negative control sequences were as
follows: sense (5°-3”) UUC UCC GAA CGU GUC ACG
UTT;antisense (5-3"): ACG UGA CAC GUU CGG AGA
ATT. VSMCs were replaced with fresh media 6 h post-
transfection and cultured for subsequent experiments.

Lentiviral transfection

To generate miRNA-1-3p and ETS-1 overexpression
plasmids (miRNA-1-3p-OE, ETS-1-OE), miRNA-1-3p
and the open reading frame of ETS-1 were cloned
into a pLVX-IRES-Zs Greenl lentiviral vector (Ge-
nepharma, Shanghai, China). An empty vector was
used as a negative control (NC). HEK-293T cells
were cotransfected with three helper plasmids and
either miRNA-1-3p-OE, ETS-1-OE or empty vector
constructs using the GM easy™ Lentiviral packaging
kit (Genomeditech, China). Cell supernatants were
then collected 72 h post-transfection and added to the
VSMCs. Stable cell lines were selected with puromycin
(8 ng/mL). Western blotting was performed to confirm
miRNA-1-3p or ETS-1 expression.

Cyclic stretch loading of cells

VSMC:s were processed using the Flexcell® cyclic stretch
loading system (Flexcell International Corporation,
USA) [3]. VSMCs were plated onto collagen coated
cell culture plates at a density of 2.0 x 10° cells per well
at 37°C and 5% CO,. When the cell density reached
~80%, the VSMCs were synchronized in serum-free
DMEM for 24 h and subjected to cyclic stretch at 1
Hz for the indicated times. Cells were divided into
three treatment groups as follows: (i) 5% normal cy-
clic stretch; (ii) 15% high cyclic stretch; (iii) 15% high
cyclic stretch combined with losartan.

Real time PCR

Thoracic aorta or VSMCs samples were lysed in TRIzol
and cDNA was generated using PrimeScript RT reagent
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kit with the gDNA eraser (TaKaRa, Japan). RT-PCRs
were performed using 2xSGExcel UltraSYBR Mixtures
with ROX (Sangon Biotech, China) on an Applied
Biosystems 7500 Real-time PCR system (Thermo
Fisher Scientific, USA). RNA levels were calculated
using the 24 method and normalized to GAPDH.
MiRNA-1-3p expression was normalized to U6. The
primers used in the study are shown in Table SI.

Western blot analysis

VSMCs were harvested in radioimmunoprecipitation
assay buffer supplemented with proteinase inhibitor
cocktail (MedChem Express, USA) and lysed using
an ultrasonic cell disruption system (Shunmatech,
China) at 10% intensity on ice. Lysates were cen-
trifuged at 600 xg for 5 min at 4°C, and proteins
were resolved on 10% sodium dodecyl sulfate (SDS)
polyacrylamide gels (PAGE). Resolved proteins were
transferred to nitrocellulose membranes, blocked in
5% non-fat milk in tris-buffered saline with 0.1 %
Tween 20 for 1 h, and probed with primary antibod-
ies at 4°C overnight. Primary antibodies and dilutions
were as follows: anti-a-tubulin (1:1000), anti-ETS-1
(1:2000), anti-elastin (1:2000), anti-SM22 (1:2000),
anti-calponin (1:2000), anti-GAPDH (1:2000), anti-
Col-1a (1:2000), anti-B-actin (1:2000), (Proteintech,
USA). Membranes were then washed and labeled with
the corresponding HRP-conjugated goat anti-mouse
(1:10000) or goat anti-rabbit secondary antibodies
(1:10000) (Proteintech, USA) at room temperature
for 1 h. Proteins were visualized using the enhanced
chemiluminescence system (Absin Bioscience, China)
and signals were quantified on a Tanon image analyzer
(Tanon Science, Shanghai, China).

CCK-8 assay

VSMCs were seeded in Flexcell plates at a density of
1.0x10° cells/well. CCK-8 solution was added at 0 h,
24 h, 48 h and 72 h of culture, and absorbance values
for each well were read at 450 nm on a microplate
reader (BioTek, USA).

EdU assay

EdU assays were performed according to the manu-
facturer’s recommendations (Beyotime Biotechnology,
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Shanghai, China). Briefly, VSMCs were seeded into
Flexcell plates at a density of 2x10° cells/well and
treated with 100 uL of 50 uM EdU in media for 2 h.
Cells were then fixed in 4% paraformaldehyde for 30
min and permeabilized in 0.1% Triton-100 phosphate
buffered saline for 20 min. Cells were subsequently
washed in phosphate-buffered saline (PBS), labeled
with EdU working solution for 30 min and counter-
stained with Hoechst 33342. Cells were imaged on a
fluorescence microscope (Olympus Japan).

Cell cycle analysis

Cell cycle analysis was performed using a cell cycle
detection kit (Beyotime Biotechnology, Shanghai,
China) as per the manufacturer’s recommendations.
Briefly, VSMCs were collected, fixed in 70% ethanol
at 4°C and stained with propidium iodide (50 pg/mL)
for 30 min at 37°C. Cell cycle status was analyzed by
flow cytometry (BD Biosciences, USA). ModFIT LT 5.0
(Verity Software House, USA) was used to determine
relative cell cycle distributions.

Dual luciferase assays

A 3-UTR sequence of wild-type (WT) ETS-1 contain-
ing the seed sequence for miRNA-1-3p or a TTGG
mutation in the seed sequence were cloned into the
pmirGLO vector (Promega, USA). WT and mutated
recombinant plasmids (mut) of ETS-1 3’-UTR were then
cotransfected into HEK-293T cells with miRNA-1-3p
agomir or negative controls using Lipofectamine™ 3000
(Invitrogen USA). At 48 h post-transfection, luciferase
activity was assessed using the dual-luciferase reporter
assay system (Promega). Values were normal-
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RESULTS

Decreased expression of miRNA-1-3p in the
thoracic aorta of SHRs

We first investigated the effects of hypertension on
miRNA-1-3p expression. Fig. 1A shows that miRNA-
1-3p expression in the thoracic aorta of SHRs decreased
by ~58% compared to WKY rats. These data indicate
that hypertension impaired miRNA-1-3p expression.

Mechanical cyclic stretch suppresses miRNA-1-3p
expression in rat VSMCs

We next investigated the effects of 5% and 15% cyclic
stretches on miRNA-1-3p expression in VSMCs.
Compared to 5% cyclic stretch, the expression of
miRNA-1-3p at 15% cyclic stretch decreased by 55%,
58%, 64% and 59% at 3 h, 6 h, 12 h and 24 h, respec-
tively (Fig. 1B).

MiRNA-1-3p inhibits VSMC proliferation
induced by mechanical stretch

To investigate the effects of miRNA-1-3p on VSMC
proliferation, cells were transfected with 50 and 100
pmol/L miRNA-1 agomir. The expression of miRNA-
1-3p in the VSMCs increased by ~60% and ~76%,
respectively, compared to control cells (Fig. 2A). In
the higher mechanical stretch (15%) condition, CCK-8
assays revealed that the OD values of VSMCs overex-
pressing miRNA-1-3p from VSMCs were significantly
lower than NC controls at 24 h, 48 h and 72 h (Fig.
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Fig. 1. miRNA-1-3p mRNA expression in the aorta and cyclic stretch-treated
VSMCs. A - qRT-PCR was used to detect relative mRNA expression levels of
miRNA-1-3p in the aorta in SHR and WKY experimental animals; U6 was used

as internal normalization. B - qQRT-PCR was used to detect relative mRNA
expression levels of miRNA-1-3p in VSMCs stimulated by cyclic stretch from
3 h to 24 h; U6 was used for internal normalization. All data are expressed
as the mean+SD from three independent experiments. *P<0.05; **P<0.01.
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We next examined the effects of miRNA-

Ne 1-3p on the expression of known contrac-

tile phenotype in VSMCs. Compared to
the 5% cyclic stretch, the 15% cyclic stretch
decreased calponin mRNA (Fig. 3A) and

expression of SM22 mRNA (Fig. 3B) and
protein (Fig. 3D) in response to the 15%
cyclic stretch were reduced as compared
to the 5% cyclic stretch, from 3 h to 24 h.
In contrast, the overexpression of miRNA-
1-3p increased mRNA and protein (Fig.
3E-H) expression of both calponin and
SM22. These data indicate that miRNA-
1-3p influences the contractile phenotype
of VSMCs.

MiRNA-1-3p decreases the expression
of ECM-associated proteins

We investigated the expression of Col-1a,
Col-3a and elastin in response to miRNA-
1-3p overexpression. As shown in Fig.

Fig. 2. MiRNA-1-3p inhibits VSMC proliferation induced by mechanical stretch.
A - Increased expression of miRNA-1-3p was detected by qRT-PCR in VSMCs
overexpressing miRNA-1-3p; U6 was used for internal normalization. B - Effect
of miRNA-1-3p overexpression on VSMCs proliferation analyzed by CCK-8. C,
D - Effect of miRNA-1-3p overexpression on VSMCs proliferation analyzed by
EdU. E, F - miRNA-1-3p overexpression decreased the number of VSMCs in
the G2/M phase of the cell cycle as demonstrated by flow cytometry. All data
are expressed as the mean+SD from three independent experiments. “P>0.05;

*P<0.05; **P<0.01.

2B). EdU assays further showed that overexpression
of miRNA-1-3p significantly reduced cell growth
compared to control cells in VSMCs stimulated by a
15% mechanical stretch for 24 h (Fig. 2C-D). Similarly,
flow cytometry analysis indicated that the proportion
of VSMCs overexpressing miRNA-1-3p in the G2/M
phase were significantly lower than for control cells (Fig.

4A, the expression of Col-1a mRNA after
the 15% cyclic stretch increased when
compared to the response to the 5% cyclic
stretch from 3 h to 24 h. Consistent with
this finding, the expression of Col-1a
protein increased in VSMCs in response
to the 15% cyclic stretch when compared
to the 5% cyclic stretch (Fig. 4C). The
expression of Col-3a mRNA following the
15% cyclic stretch similarly increased as
compared to the 5% cyclic stretch from
3 h to 24 h (Fig. 4B). Similar data were observed for
elastin at 15% cyclic stretch (Fig. 4D). However, the
expression of Col-1a and Col-3a in VSMCs overex-
pressing miRNA-1-3p decreased compared to control
cells (Fig. 4E-G). These data indicate that miRNA-1-3p
regulates ECM formation in VSMCs.
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Fig. 3. MiRNA-1-3p increases the expression of cell phenotype molecule.
A, B - qRT-PCR was used to detect relative mRNA levels for calponin,
SM22 gene expression in a 15% cyclic stretch from 3 h to 24 h; GAPDH
was used for internal normalization. C, D - Western blot analysis show-
ing increased calponin and SM22 protein expression, respectively, in a
15% cyclic stretch from 3 h to 24 h, respectively; a-tubulin was used as
the loading control. E, F — Decreased expression of calponin and SM22,
respectively, was calculated by qRT-PCR in VSMCs overexpressing miRNA-
1-3p; GAPDH was used for internal normalization. G, H - Decreased
expression of calponin and SM22, respectively, was detected by Western
blotting in VSMCs overexpressing miRNA-1-3p; a-tubulin was used as
the loading control. All data are expressed as the mean+SD from three
independent experiments. *P<0.05; **P<0.01.

Fig. 4. MiRNA-1-3p decreases the expression of extracellular matrix as-
sociated proteins. A, B — qRT-PCR was used to detect increased relative
Col-1a and Col-3a gene mRNA levels, respectively, after a 15% cyclic
stretch from 3 h to 24 h; GAPDH was used for internal normalization. C,
D - Western blot analysis showing increased Col-1a and elastin protein
expression, respectively, in a 15% cyclic stretch from 3 h to 24 h; a-tubulin
was used as the loading control. E, F - Decreased expression of Col-1a
and Col-3a, respectively, was detected by qRT-PCR in VSMCs overex-
pressing miRNA-1-3p; GAPDH was used for internal normalization.
G - Decreased expression of Col-1a was detected by Western blotting in
VSMCs overexpressing miRNA-1-3p; a-tubulin was used as the loading
control. All data are expressed as the mean+SD from three independent
experiments. * P>0.05, *P<0.05, **P<0.01.
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Fig. 5. Regulatory effects of miRNA-1-3p on ETS-1. Schematic of the
miRNA-1-3p putative binding site in rat ETS-1 3'-UTR and alignment of
wild-type and mutated ETS-1 3'-UTR binding sites of miRNA-1-3p. The
four mutated nucleotides are underlined. B - Luciferase reporter assay
after transfection. C — Decreased expression of ETS-1 was detected by
qRT-PCR in VSMCs overexpressing miRNA-1-3p; GAPDH was used for
internal normalization. D - Decreased expression of ETS-1 was detected
by Western blotting in VSMCs overexpressing miRNA-1-3p; GAPDH
was used as loading control. All data are expressed as the mean+SD from
three independent experiments. “P>0.05, *P<0.05, **P<0.01.

Regulatory effects of miRNA-1-3p on ETS-1

A complementary binding region between miRNA-1-3p
and the ETS-1 3’ untranslated region (3’-UTR) was pre-
dicted using TargetScan 7.1 software, indicating ETS-1
as a potential target of miRNA-1-3p (Fig. 5A). Dual
luciferase reporter gene assays showed that miRNA-1-3p
significantly downregulated the activity of WT ETS-1
(3'UTR). The luciferase activity of the mutant ETS-1
(3’'UTR) reporter was not affected. (Fig. 5B). As shown
in Fig. 5C, D, the overexpression of miRNA-1-3p also
downregulated the expression of EST-1 at both mRNA
and protein levels. These data show that ETS-1 is a direct
target of miRNA-1-3p through its binding to the 3UTR.

ETS-1 promotes VSMC proliferation
Following the identification of ETS-1 as a direct tar-

get of miRNA-1-3p, we investigated its expression in
response to cyclic stretch. As shown in Fig. 6A, ETS-1
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Fig. 6. ETS-1 promotes VSMC proliferation. A - qRT-PCR was
used to detect the expression of relative ETS-1 gene mRNA levels
in a 15% cyclic stretch from 3 h to 24 h; GAPDH was used for
internal normalization. B — Expression of ETS-1 was detected by
qRT-PCR in VSMCs overexpressing ETS-1; GAPDH was used for
internal normalization. C - Western blot analysis showing increased
ETS-1 protein expression in a 15% cyclic-stretched VSMCs from
3 h to 24 h; B-actin was used as the loading control. D - Increased
expression of ETS-1 was detected by Western blotting in VSMCs
overexpressing ETS-1; 3-actin was used as loading control. E, F -
Effect of ETS-1 overexpression on VSMCs proliferation analyzed by
EdU. G - Effect of ETS-1 overexpression on VSMCs proliferation
analyzed by CCK-8. H, I - ETS-1 overexpression increased the
number of VSMCs in the G2/M phase of cell cycle as demonstrated
by flow cytometry. All data are expressed as the mean+SD from
three independent experiments. “P>0.05, *P<0.05, **P<0.01.
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Fig. 7. Ang II-mediated effects of miRNA-1-3p on VSMC function.
A - qRT-PCR was used to detect the effect of miRNA-1-3p on the rela-
tive mRNA expression in a 15% cyclic stretch combined with losartan;
U6 was used for internal normalization. B, C - qRT-PCR was used to
detect relative levels of calponin and SM22 mRNA, respectively, after
a 15% cyclic stretch combined with losartan; D, E - qRT-PCR was
used to detect relative levels of Col-3a and Col-1a mRNA, respectively,
after a 15% cyclic stretch combined with losartan; G — qRT-PCR was
used to detect relative levels of ETS-1 mRNA after a 15% cyclic stretch
combined with losartan; GAPDH was used for internal normalization.
F - Western blot analysis showing decreased Col-1a protein expression
in a 15% cyclic stretch combined with losartan; a-tubulin was used as
the loading control. H - Western blot analysis showing decreased ETS-
1 protein expression in a 15% cyclic stretch combined with losartan;
B-actin was used as loading control. The time intervals from 3 h to 24
h. *P>0.05, *P<0.05, **P<0.01.
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expression at the mRNA level in response to a
15% cyclic stretch increased by 24%, 27%, 82%
and 51% compared to the 5% cyclic stretch at 3 h,
6h, 12 h and 24 h, respectively. A similar increase
in ETS-1 expression was observed at the protein
level (Fig. 6C). We further confirmed that ETS-1
expression in VSMC-EST-1-overexpression cell
lines increased when compared to control cells
(Fig. 6B-D). EAU analysis demonstrated that
EST-1-overexpression enhanced the proliferation
of VSMCs compared to control cells under the
15% mechanical stretch (Fig. 6E-F). Similarly,
the CCK-8 assay revealed that the OD values of
VSMCs overexpressing ETS-1 were significantly
higher than NC controls (Fig. 6G). Cell cycle as-
sessment indicated that the proportion of VMSC
in the G2/M phase post ETS-1-overexpression
VSMCs was markedly higher than in control
cells (Fig. 6H-I). These data suggested that the
overexpression of ETS-1 increased VSMC pro-
liferation.

Ang IT mediated effects of miRNA-1-3p on
VSMC function

Angiotensin II is an important regulator of hyper-
tension. To assess its contribution to the effect of
miRNA-1-3p on VSMCs, the cells were exposed
to a 15% cyclic stretch in the presence or absence
of losartan, an angiotensin II receptor antagonist
that competes with the binding of angiotensin
IT to AT1R. Compared to a 15% cyclic stretch,
losartan treatment increased miRNA-1-3p expres-
sion (Fig. 7A). However, losartan treatment led
to aloss of ETS-1 mRNA and protein expression
(Fig. 7B-C). Losartan treatment also increased
calponin and SM22 mRNA and protein expression
(Fig. 7D-E). However, the expression of Col-1a
and Col-3a mRNAs in the 15% cyclic stretch
group when combined with losartan decreased
when compared to the 15% cyclic stretch alone
(Fig. 7F-G). Consistent with this finding, Col-
la protein expression in VSMCs exposed to a
15% cyclic stretch in combination with losartan
decreased (Fig. 7F).
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DISCUSSION

In this study, we show that (i) miRNA-1-3p expression
is downregulated in the aorta of SHR; (ii) in response to
mechanical stretch, miRNA-1-3p and ETS-1 are down-
regulated; (iii) miRNA-1-3p and ETS-1 inhibit VSMC
proliferation and regulate the expression of contractile
markers and markers of the extracellular matrix in vitro;
(iv) ETS-1 is a direct target of miRNA-1-3p in VSMCs; (v)
AT1 receptors regulate the mechanical stretch-mediated
expression of miRNA-1-3p and ETS-1. Accumulating
evidence implicates miRNAs in the regulation of VSMC
functioning [22,23]. Thus, mir-221 is upregulated in
proliferating VSMCs following vascular injury, and
the loss of mir-221 suppresses VSMC proliferation and
migration [24]. Mir-145 is highly expressed in VSMCs.
The levels of mir-145 decrease in atherosclerotic vessels
and its overexpression suppresses VSMC proliferation
[25]. Several miRNAs have been shown to modulate
the mechanical stretch-mediated functions of VSMCs,
including the upregulation of mir-21 in response to
mechanical stretch-induced VSMC proliferation [26].
In contrast, increased mechanical stretch inhibits the
expression of miRNA-1-3p, which contributes to the
increased proliferation of VSMCs [3]. In the present
study we report that miRNA-1-3p is downregulated in
the aorta of SHR. The expression of miRNA-1-3p also
decreased when VSMCs were subjected to a 15% cyclic
stretch, reducing VSMC proliferation; these results are
consistent with those reported previously [20]. MiRNA-
1-3p has been shown to play an important role in the
growth, migration and apoptosis of cancer cells [27].
MiRNA-1-3p modulates skeletal and cardiac muscle
proliferation and is considered a muscle-specific miRNA
[28]. It was shown that miRNA-1-3p is highly expressed
in VSMCs and the inhibitory effect of miRNA-1-3p on
VSMC is myocardin-dependent [20]. Hypoxia sup-
presses miRNA-1-3p expression in pulmonary VSMCs,
whereas the overexpression of miRNA-1-3p inhibits
pulmonary VSMC (PVSMC) proliferation through the
targeting of sphingosine kinase 1 [18]. The downregula-
tion of miRNA-1 was observed in VSMCs from SHR,
and overexpression of miRNA-1-3p inhibited VSMC
proliferation and migration by targeting IGF 1 [19].
Taken together, these results implicate miRNA-1-3p
in mechanical stretch-induced VSMC proliferation.

Our data highlight ETS-1 as a direct target of miR-
NA-1-3p. ETS-1 belongs to the ETS family, functioning
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as a transcription factor that modulates a variety of
cellular processes during cardiovascular disease [29].
Recent studies indicate that angiotensin II-induced
ETS-1 expression promotes cardiac fibrosis; the dele-
tion of ETS-1 alleviates angiotensin II-mediated cardiac
hypertrophy and fibrosis [30]. ETS-1 is highly expressed
in VSMCs and has been implicated in the regulation
of cell apoptosis, migration and proliferation. In vivo
studies demonstrated that infusion of angiotensin II
increases ETS-1 expression in VSMCs of the mouse
thoracic aorta [31]. ETS-1 inhibits the apoptosis and
proliferation of VSMCs through activation of the cyclin-
dependent kinase inhibitor p21 [32]. ETS-1 accelerates
the progression of cerebral aneurysms through its
ability to upregulate MCP-1 in VSMCs [33]. Moreover,
ETS-1 blockade also prevents neointima formation in
the rat carotid arteries of balloon injury models [34].
Based on these findings, we hypothesized that ETS-1
mediates the inhibitory effects of miRNA-1-3p on
VSMCs. We found that high cyclic stretch stimulation
enhanced ETS-1 expression in VSMCs, while the over-
expression of miRNA-1-3p suppressed EST-1 levels.
The dual luciferase reporter assays confirmed ETS-1
as a direct target of miRNA-1-3p. Furthermore, the
overexpression of EST-1 enhanced the proliferation
of VSMCs. These results suggest that miRNA-1-3p
modulates the cyclic stretch-induced proliferation of
VSMCs through the upregulation of ETS-1.

VSMC:s reside in the medial layer of blood vessels
and are subject to mechanical stretch as a result of
pulsating blood flow [1,2]. Studies have revealed that
physiological stretch is essential for the maintenance of
normal vascular structure. However, pathological and
mechanically activated intracellular signal cascades lead to
adverse vascular remodeling, characterized by abnormal
proliferation, migration and excessive deposition of the
extracellular matrix [3]. Previous studies showed that
an 18% mechanical stretch led to a loss of contractile
marker protein expression, including a-SMA, SM-HMC
and calponin in human umbilical arterial smooth muscle
cells following the activation of Yes-associated protein/
transcriptional coactivator with PDZ-binding motif
(WWTRI, also known as TAZ (YAP/TAZ) signaling [35].
Recent studies found that 18% cyclic stretch enhanced
the expression of collagen I and collagen III in human
aortic smooth muscle cells [36], and in hypertensive rat
aortas [37]; mechanical stretch also increased elastin
synthesis [38]. It is known that miRNA-1-3p and ETS-1
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regulate the expression of VSMC phenotype molecule
[20,39]. Loss of miRNA-1-3p significantly enhances
collagen I expression in bone marrow mesenchymal
stem cells [40]. Similarly, increased expression of col-
lagen I, collagen III, matrix metalloproteinase (MMP)
1 and MMP-9 were observed in ETS-1-overexpressing
VSMC:s [41]. In response to a 15% cyclic stretch when
compared to the 5% cyclic stretch group, we observed
a decrease in SM22 and calponin expression and an in-
crease in extracellular matrix collagen I, collagen III and
elastin. The overexpression of miRNA-1-3p increased
the expression of SM22 and calponin, but reduced the
expression of collagen I, collagen III and elastin. As
miRNA-1-3p modulates ETS-1 expression, our results
suggest that miRNA-1-3p controls the expression of the
cell phenotype molecule and the extracellular matrix,
thereby controlling vascular remodeling.

The renin-angiotensin system (RAS) plays a key
role in the regulation of vascular function and struc-
ture [42]. As the main effector of RAS, angiotensin
IT exerts a variety of adverse cardiovascular effects
through binding to Ang II type I receptor (AT1R)
[41]. Previous reports have implicated the RAS in
cyclic stretch-mediated cellular functions. Ang II
expression was induced in rat VSMCs stimulated by a
20% mechanical stretch [43]. It was found that stretch
led to an increase in Ang II secretion in VSMCs [44].
Mechanical stretch significantly augments the expres-
sion of ATIR in SHR VSMCs, which contributes to
effects on cell proliferation [45]. Given that Ang II
regulated the expression of miRNA-1-3p and ETS-1
[30], we hypothesized that RAS modulates mechanical
stretch-mediated miRNA-1-3p and ETS-1 expres-
sion. Indeed, we found that treatment with the AT1
receptor antagonist losartan increased the expression
of miRNA-1-3p, SM22 and calponin, but decreased
the expression of ETS-1 and the extracellular matrix.
These data imply that under situations of high cyclic
stretch, the expression of miRNA-1-3p and ETS-1 are
regulated by Ang-II paracrine mechanisms.

Several limitations of this study should be consid-
ered. First, we only examined the effects of miRNA-1-3p
on the functions of VSMCs in overexpression stud-
ies, so the effects of miRNA-1-3p were not precisely
defined; second, the role of miRNA-1-3p on vascular
remodeling was not investigated in vivo. Both warrant
further investigations.

Arch Biol Sci. 2020;72(4):587-598

CONCLUSION

MiRNA-1-3p was shown to regulate cell proliferation in
rat VSMCs in response to mechanical stretch through
direct targeting of ETS-1. Ang II was shown to regulate
the stretch-induced expression of miRNA-1-3p and
ETS-1. These findings provide new insight into the
pathogenesis of vascular remodeling. The results reveal
novel targets for the treatment of vascular diseases,
including hypertension and atherosclerosis.
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