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ABSTRACT
Aberrant proliferation and migration of vascular smooth muscle cells contributes to cardiovascular diseases
(CVDs), including atherosclerosis. MicroRNA-223 (miR-223) protects against atherosclerotic CVDs. We
investigated the contribution of miR-223 to platelet-derived growth factor-BB (PDGF-BB)-induced proliferation
and migration of human aortic smooth muscle cells (HASMCs). We found that miR-223 was downregulated in
PDGF-BB-treated HASMCs in a dose- and time-dependent manner, while nuclear factor of activated T cells 5
(NFAT5) was upregulated. Gain- and loss-of-function studies demonstrated that miR-223 treatment reduced
PDGF-BB-induced HASMC proliferation and motility, whereas miR-223 inhibitor enhanced these processes.
Moreover, NFAT5 was identified as a direct target of miR-223 in HASMC. The inhibitory effects of miR-223 on
HASMC proliferation and migration were partly rescued by NFAT5 restoration. Overall, these findings suggest
that miR-223 inhibits the PDGF-BB-induced proliferation and motility of HASMCs by targeting NFAT5 and that
miR-223 and NFAT5 may be potential therapeutic targets for atherosclerosis.

INTRODUCTION
Cardiovascular diseases (CVDs) are a group of
disorders affecting blood vessels and the heart and are
the leading cause of death globally [1]. Atherosclerosis,
a chronic inflammatory disease affecting large- and
medium-sized arteries, predisposes one to CVDs [2].
Vascular smooth muscle cells (VSMCs) are the major
components of the medial layer of aortic blood vessels.
The abnormal proliferation and migration of VSMCs
with extracellular matrix degradation are critical for the
emergence and development of atherosclerosis [3]. At
the early stage, VSMCs migrate from the tunica media
into the intima of the arterial wall and then massively
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proliferate, causing intimal thickening, arterial space
narrowing,
vessel
occlusion
and
ultimately
atherosclerosis [3]. Thus, suppressing VSMC motility
and proliferation may be an effective therapeutic
strategy for atherosclerosis.
Aberrant proliferation and migration of VSMCs can be
triggered by various stimuli, especially platelet-derived
growth factors (PDGFs) [4, 5]. Among the isotypes of
PDGFs, PDGF-BB is the most potent inducer of VSMC
pathogenesis due to its ability to bind with all isoforms
of the PDGF receptor (PDGFR) [5]. The binding of
PDGF-BB to PDGFR activates various signaling
pathways which promote the pathogenic transmission of
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VSMCs [6]. Nuclear factor of activated T cells 5
(NFAT5), a member of the Rel family, is required for
PDGF-BB-induced VSMC migration [7]. Although
NFAT5 was originally described as a hypertonicityresponsive transcription factor that orchestrates cellular
homeostasis [8], it has recently been shown to support
the proliferation and migration of multiple cell types
[9–11]. However, the biological roles of NFAT5 in
PDGF-BB-induced motility and proliferation of VSMCs
remain largely unclear.
MicroRNAs (miRNAs) inhibit gene expression by
binding to the 3′-untranslated region (3′-UTR) of
their target mRNAs [12] and thereby contribute to
multiple disorders including CVDs [13, 14]. Several
dysregulated miRNAs have been proved to affect the
proliferation, migration and apoptosis of VSMCs
[15, 16]. Downregulation of miR-22-3p facilitates the
pro-proliferative and pro-migratory phenotypes of aortic
smooth muscle cells (ASMCs) in arteriosclerosis
obliterans [17]. MiR-503 has been reported to inhibit
PDGF-BB-induced proliferation and migration of
human ASMCs (HASMCs) [18]. MiR-223 restrains
hypoxia-caused proliferation, migration, and stress
fiber formation in pulmonary ASMCs (PASMCs) [19].
MiR-223 reverses experimental pulmonary arterial
hypertension (PAH) in vivo and reduces the

proliferation and apoptosis resistance of PAH-PASMCs
in vitro, suggesting that it might affect VSMC function
and atherogenesis [19–21]. However, the biological
roles of miR-223 in HASMCs are still not fully
understood. In this study, we investigated the
expression and biological functions of miR-223 in
PDGF-BB-exposed HASMCs. Our findings suggest that
miR-223 acts as a negative regulator of HASMC
proliferation and motility by directly targeting NFAT5,
thus providing potential therapeutic targets for atherosclerosis.

RESULTS
MiR-223 and NFAT5 are differentially expressed in
PDGF-BB-stimulated HASMCs
PDGF is one of the most potent inductors of HASMC
proliferation [22]. To examine whether miR-223 and
NFAT5 are differentially expressed in proliferated
HASMCs, we treated HASMCs with various
concentrations (5, 10, 20, 30, and 40 ng/ml) of PDGFBB for 24 h or with 30 ng/ml of PDGF-BB for the
different time durations (1, 6, 12, 24, and 48 h). qPCR
assay results revealed that PDGF-BB treatment
downregulated miR-223 in HASMCs in a dose- and
time-dependent manner (Figure 1A, 1B). Conversely,

Figure 1. MiR-223 was increased and simultaneously NFAT5 was decreased in PDGF-BB-treated HASMCs. HASMCs were starved
with 0.5% FBS for 48 h and subsequently exposed to PDGF-BB at various concentrations (5, 10, 20, 30, and 40 ng/ml) for the different time
durations (1, 6, 12, 24, and 48 h). (A–D) miR-223 and NFAT5 mRNA levels were measured by qPCR assays in HASMCs treated with different
concentrations of PDGF-BB (A, C) for the indicated time durations (B, D). MiR-223 and NFAT5 mRNA expressions were normalized to U6 and
GAPDH, respectively. (E, F) Western blot analyses of NFAT5 expression in HASMCs treated with various doses of PDGF-BB (E) for the different
*
time durations (F). β-actin was used as the endogenous control. The data are shown as mean ± SD of three separate experiments. P < 0.05,
**
P < 0.01 compared with control group.
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NFAT5 mRNA (Figure 1C, 1D) and protein (Figure 1E,
1F) levels were augmented in HASMCs upon PDGF-BB
stimulation. Treatment with 30 ng/ml of PDGF-BB for
24 h was selected for subsequent experiments due to the
considerable decrease in miR-223 and significant
increase in NFAT5. These results suggest an inverse
correlation between miR-223 and NFAT5 expressions
in PDGF-BB-stimulated HASMCs.
MiR-223 inhibits the proliferation of PDGF-BBstimulated HASMCs
To investigate the role of miR-223 in PDGF-BBinduced HASMC proliferation, miR-223, miR-NC, antimiR-223, or anti-miR-NC was transfected into
HASMCs. As expected, miR-223 was upregulated in
miR-223-transfected HASMCs or downregulated in

anti-miR-223-treated HASMCs in the presence or
absence of PDGF-BB (Figure 2A). We then performed
MTT, EdU incorporation, and flow cytometry assays to
determine the effects of miR-223 on cell viability,
proliferation, and cell cycle progression. As shown in
Figure 2B, miR-223 inhibited the viability of PDGFBB-treated HASMCs compared with miR-NCtransfected groups. MiR-223 induced G2/M phase arrest
in PDGF-BB-exposed HASMCs (Figure 2C).
Consistently, miR-223 repressed the PDGF-BBstimulated proliferation of HASMCs (Figure 2D).
However, miR-223 depletion markedly enhanced the
viability (Figure 2B) and the S phase proportion (Figure
2C) of PDGF-BB-stimulated HASMCs while increasing
their proliferation (Figure 2D). Next, we measured the
expressions of two proliferative regulators (cyclin A2
and cyclin B1) that promote S phase and G2/M

Figure 2. MiR-223 suppressed PDGF-BB-induced proliferation of HASMCs. Serum-deprived HASMCs were transfected with
miR-223, miR-NC, and anti-miR-223 or anti-miR-NC for 24 h, followed by PDGF-BB stimulation for 24 h. (A) miR-223 levels were determined
by qPCR assay. MiR-223 expression was normalized to U6. (B) MTT assay was performed to measure cell viability. (C) Cell cycle distribution
was analyzed by flow cytometry. The percentage of cells in G0/G1, S, and G2/M phases were calculated. (D) Cell proliferation was assessed
by EdU incorporation assay. The percentages of EdU-positive cells were counted. (E) Representative Western blot results of cyclin A2
*
and cyclin B1. β-actin was used as the endogenous control. The data are shown as mean ± SD of three separate experiments. P < 0.05,
**
#
P < 0.01 compared with the miR-NC or anti-miR-NC group in (A) and compared with control group in (B–E). P < 0.05 compared with
PDGF-BB group.
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progression. As shown in Figure 2E, the levels of cyclin
A2 and cyclin B1 were increased in PDGF-BB-treated
cells and substantially decreased in miR-223-transfected
cells. MiR-223 inhibitor caused a further increase of cyclin
A2 and cyclin B1 in PDGF-BB-treated cells (Figure 2E).
These data indicate that PDGF-BB-induced proliferation
of HASMCs is partly suppressed by miR-223.
MiR-223 represses the motility of PDGF-BBstimulated HASMCs
To explore whether miR-223 affects the migration of
HASMCs, we performed transwell and wound
healing assays. Figure 3A shows that miR-223
transfection reduced the PDGF-induced migration of
HASMCs compared with controls. Conversely, the
downregulation of miR-223 promoted PDGF-induced

HASMC migration. Similarly, wound healing assay
revealed a decrease in the PDGF-induced migration
of HASMCs with miR-223 transfection but the
increased migration in anti-miR-223-transfected cells
(Figure 3B). At the molecular level, the expressions
of MMP-2 and MMP-9, two metastasis-promoting
markers, were downregulated after transfection with
miR-223, whereas anti-miR-223 treatment elevated
MMP-2 and MMP-9 levels in PDGF-stimulated
HASMCs (Figure 3C). These results confirm the
inhibitory effects of miR-223 on PDGF-induced
HASMC migration.
NFAT5 is a direct target of miR-223 in HASMCs
Next, we searched for the potential targets of miR-223
by using the TargetScan and miRanda databases.

Figure 3. MiR-223 inhibited the migration of PDGF-stimulated HASMCs. Serum-deprived HASMCs were transfected with miR-223,
miR-NC, and anti-miR-223 or anti-miR-NC for 24 h, followed by PDGF-BB stimulation for 24 h. (A) Transwell assay was conducted to assess cell
migration. (B) The migratory ability of HASMCs was evaluated by wound healing assay. (C) Western blot assay was conducted to analyze the
expressions of MMP-2 and MMP-9. β-actin was used as the endogenous control. The data are shown as mean ± SD of three separate
*
#
experiments. P < 0.05 compared with control group. P < 0.05 compared with PDGF-BB group.
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Among the candidates, NFAT5 was identified as a
potential target of miR-223 (Figure 4A). We
conducted dual-luciferase reporter assay to confirm
whether miR-223 directly targets NFAT5. MiR-223
reduced the luciferase activity of the reporter
constructs harboring WT 3′-UTR of NFAT5 in
HASMCs, whereas the downregulation of miR-223
increased its luciferase activity (Figure 4B).
However, neither miR-223 introduction nor depletion
had any inhibitory effect on the luciferase activity of
the reporter constructs fused to a MUT 3′-UTR of
NFAT5 (Figure 4B). Then, we measured the mRNA
and protein expressions of NFAT5 in miR-223- or
anti-miR-223-transfected HASMCs. The introduction
of miR-223 in HASMCs reduced NFAT5 mRNA and
protein levels, whereas the knockdown of miR-223
increased them (Figure 4C, 4D). These data
demonstrate that NFAT5 is a direct target of miR-223
in HASMCs.
NFAT5 is involved in miR-223-exerted proliferation
inhibition of PDGF-BB- stimulated HASMC
To probe whether NFAT5 plays a functional role in
miR-223-elicited repression of PDGF-BB-induced
HASMC proliferation, we carried out MTT, EdU, and

flow cytometry assays. We found that LV-NFAT5
infection increased NFAT5 levels in HASMCs with or
without PDGF stimulation (Figure 5A), while
siNFAT5 transfection reduced them. As depicted in
Figure 5B, NFAT5 overexpression counteracted the
suppression of cell viability by miR-223 in PDGFtreated HASMCs. Conversely, the increased cell
viability by miR-223 inhibitor was reduced by
siNFAT5 transfection (Figure 5B). Flow cytometry
results showed that miR-223 transfection increased
HASMCs at the G2/M phase arrest, whereas anti-miR223 treatment promoted cell cycle progression of
PDGF-stimulated HASMCs (Figure 5C). However,
overexpression or knockdown of NFAT5 reversed
these alterations (Figure 5C). The reduction or
augmentation of proliferation induced by miR-223
introduction or depletion in HASMCs with PDGF
stimulation was reversed by NFAT5 overexpression or
silencing, respectively (Figure 5D). Molecularly, the
miR-223- induced downregulation or anti-miR-223induced upregulation of cyclin A2 and cyclin B1 in
PDGF-stimulated HASMCs was counteracted by
NFAT5 overexpression or knockdown, respectively
(Figure 5E). These evidences show that NFAT5
is implicated in the miR-223-caused proliferative
inhibition of PDGF-BB-treated HASMCs.

Figure 4. MiR-223 directly targeted NFAT5 in HASMCs. (A) The putative miR-223 binding sites in the 3′-UTR of NFAT5. (B–D) HASMCs
were co-transfected with WT or MUT 3′-UTR of NFAT5 reporter plasmids or miR-223, anti-miR-223, miR-NC, or anti-miR-NC for 48 h. (B)
Relative luciferase activity was detected. (C) qPCR and (D) Western blot assays were performed to assess NFAT5 mRNA and protein levels.
*
GAPDH and β-actin were used as the endogenous controls, respectively. The data are shown as mean ± SD of three separate experiments. P
**
#
< 0.05, P < 0.01 compared with the miR-NC or anti-miR-NC group in (B) and compared with control group in (C, D). P < 0.05 compared with
PDGF-BB group.
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MiR-223 hinders the PDGF-BB-stimulated migration
of HASMCs by targeting NFAT5
To investigate whether NFAT5 contributed to miR-223led migration inhibition of PDGF-BB-treated HASMCs,
we conducted transwell and wound healing assays. As
shown in Figure 6A, LV-NFAT5 infection abated the
miR-223-induced repression in the migration of PDGFBB-exposed HASMCs. However, the miR-223
knockdown- induced increase in the migration of PDGFBB-stimulated HASMCs was reduced by siNFAT5
transfection. Wound healing assay also demonstrated that
NFAT5 overexpression rescued the inhibitory effect of
miR-223 on PDGF-BB-induced migration of HASMCs.
By contrast, NFAT5 knockdown counteracted the
enhanced migratory ability of PDGF-BB-stimulated
HASMCs by miR-223 depletion (Figure 6B). The
expressions of MMP-2 and MMP-9 were downregulated
by miR-223 introduction and were upregulated by miR223 knockdown in PDGF-BB-stimulated HASMCs,

which were reversed by NFAT5 overexpression and
silencing, respectively (Figure 6C). These results suggest
that NFAT5 conduces to the miR-223-decreased
migration of PDGF-BB-treated HASMCs.

DISCUSSION
In this study, we explored the roles of miR-223 and
NFAT5 in the proliferation and motility of PDGF-BBstimulated HASMCs. We found that miR-223 was
downregulated and NFAT5 was upregulated in PDGFBB-treated HASMCs, and that miR-223 suppressed the
proliferation and migration of PDGF-BB-stimulated
HASMCs. NFAT5 was identified as a direct target of
miR-223 in HASMCs. The inhibitory effects of miR223 on PDGF-BB-induced HASMC proliferation and
motility were elicited by targeting NFAT5. Together,
these findings suggest that miR-223 targets NFAT5 to
act as a negative regulator of HASMC proliferation and
migration.

Figure 5. Involvement of NFAT5 in miR-223-elicited proliferative inhibition of PDGF-BB-exposed HASMCs. (A) Serum-deprived
HASMCs were infected with LV-NC or LV-NFAT5 or transfected with siNC or siNFAT5 for 24 h, followed by PDGF-BB stimulation for 24 h.
Western blot assay was conducted to detect NFAT5 expression. β-actin were used as the endogenous control. (B–E) Serum-deprived HASMCs
were co-treated with miR-223 and LV-NFAT5 or anti-miR-223 and siNFAT5 for 24 h, followed by PDGF-BB stimulation for 24 h. (B) MTT, (C)
flow cytometry and (D) EdU incorporation assays were carried out to analyze cell viability, cell cycle progression and proliferation. (E)
Representative Western blot results of cyclin A2 and cyclin B1. β-actin was used as the endogenous control. The data are shown as mean ±
*
#
SD of three separate experiments. P < 0.05 compared with control group. P < 0.05 compared with PDGF-BB group. ♦P < 0.05 compared with
PDGF-BB + miR-223/anti-miR-223 or PDGF-BB + LV-NFAT5/siNFAT5 group.
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VSMC proliferation and migration are two hallmarks of
atherosclerosis [23]. Some evidences suggest that
miRNAs play critical roles in the VSMC proliferation
and motility characteristic of atherosclerosis [24, 25].
MiR-22-3p levels are downregulated in arteriosclerosis
obliterans tissues and carotid arteries of balloon-injured
rats, and miR-22-3p inhibits the proliferation and
migration of HASMCs [17]. Liu et al. [26]
demonstrated that miR-let-7g suppresses HASMC
proliferation and migration in vitro and alleviates
atherosclerotic mice in vivo. MiR-223, a hematopoietic
lineage and cell-specific miRNA, has been shown to
abrogate PAH progression and repress the proliferation
and migration of PASMCs [19–21]. The roles of miR223 in CVDs have recently drawn increasing attention
[27, 28]. MiR-223 released from blood cells protects
against
vascular
neointimal
formation
and
atherosclerosis [29]. In the present study, we found that
miR-223 is downregulated in PDGF-BB-stimulated

HASMCs. MiR-223 introduction reduced the viability,
proliferation, migration, and invasion of PDGF-BBexposed HASMCs but induced cell cycle arrest at the
G2/M phase, coinciding with the downregulation of
cyclin A2, cyclin B1, MMP-2, and MMP-9. MiR-223
depletion promoted the proliferation and migration of
HASMCs. These gain- and loss-of-function studies
show that miR-223 hampers PDGF-BB-induced
proliferation and migration of HASMCs, implying that
miR-223 affects CVDs.
NFAT5 was originally identified as a potential target of
miR-223 in macrophages [30]. Here, we found that
NFAT5 is a direct target of miR-223 in HASMCs.
NFAT5 is a transcriptional factor that is sensitive to
hypertonic stress and regulates gene expression to
restore cellular homeostasis [31]. NFAT5 promotes the
proliferation of lymphocytes [9] and fibroblast-like
synoviocytes [32] and facilitates the migration of

Figure 6. MiR-223 repressed the migration of PDGF-BB-exposed HASMCs by targeting NFAT5. Serum-deprived HASMCs were cotreated with miR-223 and LV-NFAT5 or anti-miR-223 and siNFAT5 for 24 h, followed by PDGF-BB stimulation for 24 h. (A) Transwell and (B)
wound healing assays were conducted to measure cell migration. (C) The expression of MMP-2 and MMP-9 was detected by Western blot
*
assays. β-actin was used as the endogenous control. The data are shown as mean ± SD of three separate experiments. P < 0.05 compared
#
♦
with control group. P < 0.05 compared with PDGF-BB group. P < 0.05 compared with PDGF-BB + miR-223/anti-miR-223 or PDGF-BB + LVNFAT5/siNFAT5 group.
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skeletal muscle myoblasts [10] and cancer cells [11].
PDGF-BB stimulation increases NFAT5 protein
expression and activity in VSMCs, thereby inducing the
proliferative or migratory phenotype shifts [7]. NFAT5
contributes to biomechanical stretch-induced inflammation, proliferation, and migration of HASMCs [33].
In this study, we illuminated that NFAT5 mRNA and
protein levels are elevated by PDGF-BB stimulation in
HASMCs. NFAT5 overexpression markedly attenuated
the inhibitory effects of miR-223 on the proliferation
and migration of PDGF-BB-treated HASMCs, whereas
NFAT5 deficiency had the opposite effects. These
findings suggest that miR-223 targets NFAT5 in
HASMCs, thereby reducing cell proliferation and
migration.

(siNFAT5; RiboBio) and the negative control siRNA
(siNC) or a lentivirus encoding for NFAT5 (LVNFAT5; InvivoGen, Hong Kong, China) and the
negative control lentiviral vector (LV-NC) were
obtained for transfecting or infecting cells. And the
sequences used for cell transfection have been listed as
follows: for miR-223, 5′-UGUCAGUUUGUCAA
AUACCCC-3′; for miR-NC, 5′-GAGCUGGAUGACG
AGACCUGU-3′; for anti- miR-223, 5′-AAGACAUU
UACAACCUAGAC-3′; for anti-miR-NC, 5′-GGCGAA
G GTAGAGTACAGAGA-3′; for siNFAT5, 5′-CAGA
GUCAGUCCACAGUUU-3′; for siNC, 5′-GCAUCUG
AGUGCAGCUGUC-3′.

The current study has some limitations. First, we did not
investigate the downstream signaling pathways
implicated in the anti-proliferative and anti-migratory
effects of miR-223 in PDGF-BB-treated HASMCs.
Second, we did not explore the mechanism by which
PDGF-BB induced miR-223 downregulation. In the
future, we will perform in vivo studies to further
confirm in vitro findings.

The oligonucleotides, including miR-223, miR-NC (50
nM), anti-miR-223, anti-miR-NC (100 nM), siNFAT5,
and siNC (80 nM), were transfected into the cells using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. LV-NFAT5
and LV-NC were infected into the cells at 100
multiplicity of infection.

In summary, miR-223 was downregulated and NFAT5
was upregulated in PDGF-BB-stimulated HASMCs.
MiR-223 suppresses the PDGF-induced proliferation
and migration of HASMCs by targeting NFAT5.
Overall, these results imply that targeting miR223/NFAT5 axis can be probably exploited for
therapeutic benefits to arteriosclerosis.

MATERIALS AND METHODS
Cell culture and treatments
HASMCs were purchased from the ScienCell Research
Laboratories (San Diego, CA, USA). The cells were
cultured in smooth muscle cell growth medium 2
(PromoCell
GmbH,
Heidelberg,
Germany)
supplemented with 5% fetal bovine serum (FBS; Gibco,
Grand Island, NY, USA) and 50 U/ml of penicillin and
50 μg/ml of streptomycin (both from Sigma-Aldrich,
Louis, MO, USA) at 37° C and 5% CO2 in a humidified
incubator. For PDGF-BB treatment, the cells were
starved with 0.5% FBS for 48 h and stimulated with
PDGF-BB (R&D, Minneapolis, MN, USA) at different
concentrations (5, 10, 20, 30, and 40 ng/ml) for the
indicated time durations (1, 6, 12, 24, and 48 h). The
introduction or depletion of miR-223 was accomplished
by using miR-223 mimics (miR-223), miR-223
inhibitors (anti-miR-223), and their corresponding
negative controls (miR-NC and anti-NC; all from
RiboBio, Guangzhou, China). For NFAT5 overexpression or knockdown, siRNA targeting NFAT5
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Cell transfection and infection

Quantitative real-time polymerase chain reaction
(qPCR) assay
MiRNAs and mRNAs were isolated from the cells using
the miRNeasy Mini Kit and RNeasy kit (both from
Qiagen, Hilden, Germany), respectively. The reverse
transcription reactions were conducted with a
Transcriptor First Strand cDNA Synthesis Kit (Roche,
Indianapolis, IN, USA). qPCR assay was performed
with SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) on a 7500 RealTime PCR System (Applied Biosystems). U6 and
GAPDH were used as endogenous controls. Relative
gene expression was calculated using the 2-ΔΔCt method.
The primers were as follows: for miR-223, 5′GGTGTCAGTTTGTCAAATACCC-3′ (forward) and
5′-GTGCAGGGTCCGAGGTCAGAGCCACCTGGGC
AATTTTTTT TTTTGG-3′ (reverse); for U6, 5′-GCGC
GTCGTGAAGCGTTC-3′ (forward) and 5′- GTGCAG
GGTCCGAGGT-3′ (reverse); for NFAT5, 5′-CAGC
CAAAAGGGAACTG GAG-3′ (forward) and 5′-GAAA
GCCTTGCTGTGTTCTG-3′ (reverse); for GAPDH, 5′TGTGAACGGATTTGGCCGTA-3′ (forward) and 5′GATGGTGATGGGTTTCCC GT-3′ (reverse).
Western blot analysis
The cells were lysed in radio immunoprecipitation assay
buffer (Beyotime, Shanghai, China) supplemented with a
protease inhibitor cocktail (Roche, Basel, Switzerland).
Equal amounts of proteins were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis and

AGING

transferred onto polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA). The membranes were
blocked with 5% non-fat milk in Tris-buffered saline
containing Tween 20 for 1 h and incubated with primary
antibodies at 4° C overnight. The primary antibodies
were as follows: mouse polyclonal anti-NFAT5 (Abcam,
Cambridge, UK), mouse monoclonal anti-cyclin A2,
mouse monoclonal anti-cyclin B1, rabbit monoclonal
anti-MMP-2, rabbit monoclonal anti-MMP-9, and mouse
monoclonal anti-β-actin (all from Cell Signaling
Technology, Beverly, MA, USA). The membranes were
then incubated with appropriate horseradish peroxidaseconjugated secondary antibodies (Sigma) for 60 min. The
protein bands were visualized using an enhanced
chemiluminescence kit (Santa Cruz, Dallas, TX, USA)
and exposed to X-ray film (Kodak, Fujian, China).
Cell viability assay
Cell viability was assessed by MTT assay. In brief,
HASMCs were seeded in 96-well plates at a density of 1
× 104 cells/well and cultivated for 24 h. After treatment
with miR-223, miR-NC, anti-miR-223, anti-miR-NC,
miR-223 + LV-NFAT5, or anti-miR-223 + siNFAT5, the
cells were incubated with 0.5% FBS for 48 h with or
without PDGF-BB (30 ng/ml) stimulation for 24 h after
transfection. 200 μl of MTT (5 mg/ml; Sigma) was added
to each well and cultured for 4 h; then, 150 μl of dimethyl
sulfoxide (Sigma) was added and incubated for 10 min.
Absorbance at 490 nm was measured using a microplate
reader (Molecular Devices, San Jose, CA, USA).

propidium iodide (0.5 mg/ml; Sigma) at 4° C for 30 min,
and analyzed using a Becton Dickinson flow cytometer
(BD Diagnostics, Sparks, MD, USA). The percentages of
cells in the G0/G1, S, and G2/M phases were calculated.
Cell migration assay
The 24-well transwell apparatus with 8 μm pores (Costar,
Dallas, TX, USA) was utilized for the migration assay.
After transfection or infection, the cells were resuspended
in serum-low medium (0.5% FBS) at a density of 1 × 106
cells/ml and seeded into the upper chambers with 200 μl
of starved medium. The lower chambers were filled with
500 μl of serum-free medium in the presence or absence
of PDGF-BB (30 ng/ml). After cultivation for 24 h, the
cells that migrated through the membranes were fixed
with 4% formaldehyde (Sigma) and stained with crystal
violent (Sigma). Images were taken under a microscope
(Olympus), and the number of migrated cells was
counted.
Wound healing assay
After transfection or infection, the cells were seeded in
12-well plates at a concentration of 1 × 104 cells/well
and incubated with serum-low medium (0.5% FBS). A
straight scratch wound was made using a sterilized 200
μl disposable pipette tip. The cells were then cultured
with or without PDGF-BB (30 ng/ml) for 24 h. Images
were obtained at 0 and 24 h post-scratch under a
microscope (Olympus), and the percentage of wound
closure was calculated.

Cell proliferation assay
Dual-luciferase reporter assay
Cell proliferation was measured by EdU incorporation
assay. After the cells were subjected to different
treatments, EdU (50 μM; RiboBio) was added to the
wells and incubated for 24 h at 37° C. The cells were
then fixed with 4% paraformaldehyde for 20 min at room
temperature and permeabilized with 0.5% Triton X-100
for 10 min, followed by incubation with 1× Apollo
reaction cocktail (200 μl) for 30 min. Next, 4′,6diamidino-2-phenylindole (DAPI; Sigma) was added to
the cells for counterstaining. Images were acquired using
a fluorescent microscope (Olympus, Tokyo, Japan) and
analyzed by Image-Pro Plus 6.0 software (Media
Cybernetics, Inc., Rockville, MD, USA). The results are
expressed as a percentage of EdU-positive cells.
Cell cycle analysis
Cell cycle distribution was analyzed by flow cytometry.
After the various treatments, the cells were trypsinized,
washed with PBS, and fixed with ice-cold 75% ethanol.
Subsequently, the cells were incubated with RNase A (20
mg/ml; Sigma) at 37° C for 30 min, stained with
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The predicted miR-223 binding site of the wild-type
(WT) NFAT5 3′-UTR sequence (5′-TTTGAAGGUA
GCUUAAACUGACACCCAT-3′) or mutant (MUT)
sequence (5′-TTTGAAGGUAGCUUAAGATATCACC
CAT-3′) were amplified and cloned into pmirGLO dualluciferase vector (Promega, Madison, WI, USA) to
create luciferase reporter constructs, namely, pmirGLONFAT5-3′-UTR-WT and pmirGLO- NFAT5-3′-UTRMUT. The constructed plasmids and miR-223, miRNC, anti-223, or anti-miR-NC or control pRL-TK
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variance followed by Tukey’s post hoc test. P < 0.05
was considered statistically significant.

https://doi.org/10.1016/s0039-6060(96)80319-9
PMID:8751614
6.

Rönnstrand L, Heldin CH. Mechanisms of plateletderived growth factor-induced chemotaxis. Int J
Cancer. 2001; 91:757–62.
https://doi.org/10.1002/10970215(200002)9999:9999<::aid-ijc1136>3.0.co;2-j
PMID:11275976

7.

Halterman JA, Kwon HM, Zargham R, Bortz PD,
Wamhoff BR. Nuclear factor of activated T cells 5
regulates vascular smooth muscle cell phenotypic
modulation. Arterioscler Thromb Vasc Biol. 2011;
31:2287–96.
https://doi.org/10.1161/ATVBAHA.111.232165
PMID:21757659

8.

Miyakawa H, Woo SK, Dahl SC, Handler JS, Kwon HM.
Tonicity-responsive enhancer binding protein, a rellike protein that stimulates transcription in response
to hypertonicity. Proc Natl Acad Sci USA. 1999;
96:2538–42.
https://doi.org/10.1073/pnas.96.5.2538
PMID:10051678

9.

Go WY, Liu X, Roti MA, Liu F, Ho SN. NFAT5/TonEBP
mutant mice define osmotic stress as a critical feature
of the lymphoid microenvironment. Proc Natl Acad Sci
USA. 2004; 101:10673–78.
https://doi.org/10.1073/pnas.0403139101
PMID:15247420

AUTHOR CONTRIBUTIONS
Feifei Su, Miaoqian Shi, and Jian Zhang designed
experiments, conducted experiments, analyzed data, and
drafted the manuscript. Qiangsun Zheng conducted
experiments and analyzed data. Haichang Wang and
Xue Li interpreted data and edited manuscript.
Jianghong Chen designed experiments, analyzed data,
and wrote the manuscript. The authors read and
approved the final manuscript.

CONFLICTS OF INTEREST
The authors declare that they have no conflicts of
interest.

FUNDING
This study was supported by the National Natural
Science Foundation of China (grant No. 81300077).

REFERENCES
1.

Mendis S, Davis S, Norrving B. Organizational update:
the world health organization global status report on
noncommunicable diseases 2014; one more landmark
step in the combat against stroke and vascular disease.
Stroke. 2015; 46:e121–22.
https://doi.org/10.1161/STROKEAHA.115.008097
PMID:25873596

2.

Solanki A, Bhatt LK, Johnston TP. Evolving targets for
the treatment of atherosclerosis. Pharmacol Ther.
2018; 187:1–12.
https://doi.org/10.1016/j.pharmthera.2018.02.002
PMID:29414673

3.

Ross R. The pathogenesis of atherosclerosis: a
perspective for the 1990s. Nature. 1993; 362:801–09.
https://doi.org/10.1038/362801a0 PMID:8479518

4.

5.

Doran AC, Meller N, McNamara CA. Role of smooth
muscle cells in the initiation and early progression of
atherosclerosis. Arterioscler Thromb Vasc Biol. 2008;
28:812–19.
https://doi.org/10.1161/ATVBAHA.107.159327
PMID:18276911
Jiang B, Yamamura S, Nelson PR, Mureebe L, Kent KC.
Differential effects of platelet-derived growth factor
isotypes on human smooth muscle cell proliferation
and migration are mediated by distinct signaling
pathways. Surgery. 1996; 120:427–31.

www.aging-us.com

26197

10. O’Connor RS, Mills ST, Jones KA, Ho SN, Pavlath GK. A
combinatorial role for NFAT5 in both myoblast
migration and differentiation during skeletal muscle
myogenesis. J Cell Sci. 2007; 120:149–59.
https://doi.org/10.1242/jcs.03307 PMID:17164296
11. Jauliac S, López-Rodriguez C, Shaw LM, Brown LF, Rao
A, Toker A. The role of NFAT transcription factors in
integrin-mediated carcinoma invasion. Nat Cell Biol.
2002; 4:540–44.
https://doi.org/10.1038/ncb816
PMID:12080349
12. He L, Hannon GJ. MicroRNAs: small RNAs with a big role
in gene regulation. Nat Rev Genet. 2004; 5:522–31.
https://doi.org/10.1038/nrg1379
PMID:15211354
13. Bartel DP. MicroRNAs: genomics, biogenesis,
mechanism, and function. Cell. 2004; 116:281–97.
https://doi.org/10.1016/s0092-8674(04)00045-5
PMID:14744438
14. Han M, Toli J, Abdellatif M. MicroRNAs in the
cardiovascular system. Curr Opin Cardiol. 2011;
26:181–89.
https://doi.org/10.1097/HCO.0b013e328345983d
PMID:21464712

AGING

15. Zhang C. MicroRNAs in vascular biology and disease. J
Cardiovasc Transl Res. 2010; 3:235–40.
https://doi.org/10.1007/s12265-010-9164-z
PMID:20560045
16. Small EM, Olson EN. Pervasive roles of microRNAs in
cardiovascular biology. Nature. 2011; 469:336–42.
https://doi.org/10.1038/nature09783 PMID:21248840
17. Huang SC, Wang M, Wu WB, Wang R, Cui J, Li W, Li ZL,
Li W, Wang SM. Mir-22-3p inhibits arterial smooth
muscle cell proliferation and migration and neointimal
hyperplasia by targeting HMGB1 in arteriosclerosis
obliterans. Cell Physiol Biochem. 2017; 42:2492–506.
https://doi.org/10.1159/000480212 PMID:28848136
18. Bi R, Ding F, He Y, Jiang L, Jiang Z, Mei J, Liu H. miR-503
inhibits platelet-derived growth factor-induced human
aortic vascular smooth muscle cell proliferation and
migration through targeting the insulin receptor.
Biomed Pharmacother. 2016; 84:1711–16.
https://doi.org/10.1016/j.biopha.2016.10.081
PMID:27829550
19. Zeng Y, Zhang X, Kang K, Chen J, Wu Z, Huang J, Lu W,
Chen Y, Zhang J, Wang Z, Zhai Y, Qu J, Ramchandran R,
et al. MicroRNA-223 attenuates hypoxia-induced
vascular remodeling by targeting RhoB/MLC2 in
pulmonary arterial smooth muscle cells. Sci Rep. 2016;
6:24900.
https://doi.org/10.1038/srep24900 PMID:27121304
20. Meloche J, Le Guen M, Potus F, Vinck J, Ranchoux B,
Johnson I, Antigny F, Tremblay E, Breuils-Bonnet S,
Perros F, Provencher S, Bonnet S. miR-223 reverses
experimental pulmonary arterial hypertension. Am J
Physiol Cell Physiol. 2015; 309:C363–72.
https://doi.org/10.1152/ajpcell.00149.2015
PMID:26084306
21. Liu A, Liu Y, Li B, Yang M, Liu Y, Su J. Role of miR-223-3p
in pulmonary arterial hypertension via targeting ITGB3
in the ECM pathway. Cell Prolif. 2019; 52:e12550.
https://doi.org/10.1111/cpr.12550 PMID:30507047
22. Raines EW. PDGF and cardiovascular disease. Cytokine
Growth Factor Rev. 2004; 15:237–54.
https://doi.org/10.1016/j.cytogfr.2004.03.004
PMID:15207815
23. Bennett MR, Sinha S, Owens GK. Vascular smooth
muscle cells in atherosclerosis. Circ Res. 2016;
118:692–702.
https://doi.org/10.1161/CIRCRESAHA.115.306361
PMID:26892967
24. Menghini R, Stöhr R, Federici M. MicroRNAs in vascular
aging and atherosclerosis. Ageing Res Rev. 2014;
17:68–78.
https://doi.org/10.1016/j.arr.2014.03.005
PMID:24681293

www.aging-us.com

26198

25. Laffont B, Rayner KJ. MicroRNAs in the pathobiology
and therapy of atherosclerosis. Can J Cardiol. 2017;
33:313–24.
https://doi.org/10.1016/j.cjca.2017.01.001
PMID:28232017
26. Liu M, Tao G, Liu Q, Liu K, Yang X. MicroRNA let-7g
alleviates atherosclerosis via the targeting of LOX-1 in
vitro and in vivo. Int J Mol Med. 2017; 40:57–64.
https://doi.org/10.3892/ijmm.2017.2995
PMID:28535009
27. Guo JF, Zhang Y, Zheng QX, Zhang Y, Zhou HH, Cui LM.
Association between elevated plasma microRNA-223
content and severity of coronary heart disease. Scand J
Clin Lab Invest. 2018; 78:373–78.
https://doi.org/10.1080/00365513.2018.1480059
PMID:29888618
28. Gangwar RS, Rajagopalan S, Natarajan R, Deiuliis JA.
Noncoding RNAs in cardiovascular disease: pathological
relevance and emerging role as biomarkers and
therapeutics. Am J Hypertens. 2018; 31:150–65.
https://doi.org/10.1093/ajh/hpx197 PMID:29186297
29. Shan Z, Qin S, Li W, Wu W, Yang J, Chu M, Li X, Huo Y,
Schaer GL, Wang S, Zhang C. An endocrine genetic
signal between blood cells and vascular smooth
muscle cells: role of MicroRNA-223 in smooth muscle
function and atherogenesis. J Am Coll Cardiol. 2015;
65:2526–37.
https://doi.org/10.1016/j.jacc.2015.03.570
PMID:26065992
30. Ying W, Tseng A, Chang RC, Morin A, Brehm T, Triff K,
Nair V, Zhuang G, Song H, Kanameni S, Wang H,
Golding MC, Bazer FW, et al. MicroRNA-223 is a crucial
mediator of PPARγ-regulated alternative macrophage
activation. J Clin Invest. 2015; 125:4149–59.
https://doi.org/10.1172/JCI81656 PMID:26436647
31. Woo SK, Lee SD, Kwon HM. TonEBP transcriptional
activator in the cellular response to increased
osmolality. Pflugers Arch. 2002; 444:579–85.
https://doi.org/10.1007/s00424-002-0849-2
PMID:12194010
32. Masuda K, Masuda R, Neidhart M, Simmen BR, Michel
BA, Müller-Ladner U, Gay RE, Gay S. Molecular profile
of synovial fibroblasts in rheumatoid arthritis depends
on the stage of proliferation. Arthritis Res. 2002; 4:R8.
https://doi.org/10.1186/ar427 PMID:12223111
33. Cao W, Zhang D, Li Q, Liu Y, Jing S, Cui J, Xu W, Li S, Liu
J, Yu B. Biomechanical Stretch Induces Inflammation,
Proliferation, and Migration by Activating NFAT5 in
Arterial Smooth Muscle Cells. Inflammation. 2017;
40:2129–136.
https://doi.org/10.1007/s10753-017-0653-y
PMID:28840417

AGING

