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Abstract: Coronary artery disease (CAD) is one of the leading causes of mortality and morbidity worldwide and the
number of individuals at CAD risk is increasing. To better manage cardiovascular disease, improved tools for risk
prediction including the identification of novel accurate biomarkers are needed. MicroRNAs (miRNAs) are small
non-coding RNAs that modulate the expression of protein-coding genes at the post-transcription level and their
dysregulated expression has been implicated in various pathogenic processes including cardiovascular disease.
Circulating miRNAs have been widely recommended as potential biomarkers for many diseases including coronary
artery disease. In the present study, we found that miR-3646 was significantly upregulated in the serum samples
of CAD patients and in the mice with acute myocardial infarction (AMI) compared with the healthy control group via
using quantitative reverse transcription polymerase chain reaction (qRT-PCR). Moreover, the serum levels of miR-
3646 were significantly positively correlated with the expression of IL-6 both in CAD patient samples and AMI mice
samples. In human THP-1 macrophages, transfection with miR-3646 mimic elevated the expression of IL.-6 while si-
lence of miR-3646 suppressed the IL-6 level. Further exploration of the downstream targets of miR-3646 identified
that blocking RHOH expression also could upregulate IL-6 expression. In addition, our findings also showed that miR-
3646 promoted vascular smooth muscle cell (VSMC) proliferation and migration by targeting RHOH. These results
demonstrate that the miR-3646-RHOH axis may serve as a key regulator in the progression of CAD by modulating
vascular inflammation and regulating the biologic behaviors of VSMCs.
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Introduction

Coronary artery disease (CAD), one of the lead-
ing causes of mortality and disability world-
wide, is well-recognized as a complex disease
caused by the combined impact of genetic fac-
tors and environments [1-3]. CAD is caused by
atherosclerotic plaque, which is an inflamma-
tory disease that involves multiple cell types,
including immune system cells and cells in the
vessel wall [4, 5]. Immune cells and cytokines
play pivotal roles in the pathogenic inflamma-
tion of atherosclerosis. Experimental data sup-
port a critical role of macrophages in the initia-
tion, propagation, and progression of ather-
osclerosis [6-8]. Tumor necrosis factor-alpha

(TNF-) is regarded as a pro-inflammatory cyto-
kine that is involved in the pathophysiology of
CAD and is often expressed in atherosclerotic
plaques [9-12].

Dysregulated proliferation of vascular smooth
muscle cells (VSMCs) also contributes to ath-
erosclerotic plaque formation [13, 14]. In nor-
mal vessels, the majority of VSMCs is quiescent
and contractile. In disease states such as ath-
erosclerosis, VSMCs can switch from the adult,
quiescent, contractile phenotype to the syn-
thetic, proliferative and migratory phenotype
[13-16]. Therefore, finding therapies to effec-
tively inhibit VSMC proliferation and migration
is a major focus for prevention and treatment of
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CAD. However, the detail mechanisms underly-
ing the VSMC proliferation and migration have
not been fully elucidated.

MicroRNAs (miRNAs) represent a subset of
endogenous, single-strand, small non-coding
RNA with 19-25 nucleotides in length, which
post-transcriptionally suppress target gene
expression through binding to complementary
sequences in the 3’-untranslated region (3'UTR)
[17-19]. miRNAs have been widely reported
to be involved in multiple biologic processes,
including cell proliferation, apoptosis, and dif-
ferentiation [20, 21]. Increasing evidence has
suggested that miRNAs impact the initiation
and progression of CAD [22-27]. For instance,
Lai et al. have indicated that miR-574-5p serves
as a CAD-related factor and promotes VSMC
proliferation and inhibits apoptosis by inhibiting
ZDHHC14 gene expression [13]. Zhang et al.
have also suggested that miR-448 plays an
important role in the proliferation and migra-
tion of VSMCs by repressing MEF2C expression
[28].

miR-3646 is a tumor promoting miRNA located
at 20q13.12. Much evidence has shown that
miR-3646 is a potential oncogene in breast
cancer and it may represent a new biomarker in
the diagnosis and prediction of prognosis and
chemoresistance [29, 30]. A study has shown
that miR-3646 play a pivotal role in ischemic
disease [31]. Although miR-3646 has been
reported to be deregulated in cardiovascular
disease [32, 33], its role in CAD is understud-
ied, especially in CAD-associated inflammation
and the biological behaviors of VSMCs.

In the present study, we found that miR-3646
was significantly upregulated in the serum sam-
ples of CAD patients and AMI mice. A positive-
correlation between miR-3646 and TNFa was
observed in these samples. Importantly, RHOH
was a direct target of miR-3646 in THP-1 mac-
rophages and VSMCs. Overexpression of miR-
3646 or silence of RHOH in THP-1 cells elevat-
ed TNFa expression, while downregulation of
miR-3646 suppressed TNFa expression. On
the other hand, in VSMCs, overexpression of
miR-3646 or silence of RHOH promotes cell
proliferation and migration. Our findings not
only demonstrate the function of the miR-
3646-RHOH axis in CAD, but also provide a
putative therapeutic target for related disea-
ses.
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Materials and methods
Cell culture

Human THP-1, VSMCs and 293T cells were pur-
chased from American Type Culture Collection
(ATCC, Rockuville, MD, USA). THP-1 cells were
cultured in RPMI 1640 medium (Gibco, Carls-
bad, CA, USA) with 10% fetal bovine serum
(FBS, Gibco). VSMCs were cultured in Medium
199 (M199, Gibco) supplemented with 10%
FBS, 100 U/ml penicillin and 100 pg/ml strep-
tomycin (Sigma, Shanghai, China). 293T cells
were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with
10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin. All the cells were incubated in a
humidified chamber with 5% CO, at 37°C.

Patient sample collections

Patients with CAD (n = 24) were collected by the
Department of Cardiology, Tangshan Workers’
Hospital between January 2017 and Decem-
ber 2017, which was approved by the Ethics
Committee of Tangshan Workers’ Hospital.
Nineteen healthy volunteers were enrolled as
controls. Venous blood samples (5-10 ml) were
collected from all the participants, which were
centrifuged at 2000 rpm at 4°C for 30 min. The
serum samples were isolated and stored at
-80°C until analysis.

AMI mouse model constructions

All animal procedures were fully reviewed and
approved by the Institutional Animal Care and
Use Committee of Tangshan Workers’ Hospital.
Six-eight-week-old male C57BL/6J mice were
obtained from the Institute of Laboratory
Animal Science, Chinese Academy of Medical
Sciences (Beijing, China). Mice were anaesthe-
tized with sodium pentobarbital (90 mg/kg,
Sigma-Aldrich, St Louis, MO, USA) by intraperi-
toneal injection and were then intubated and
mechanically ventilated. The pericardium of
each mouse was opened after thoracotomy,
and the left coronary artery was identified and
ligated with a 7/0 no-damage silk suture to
induce AMI. After full recovery, the animals
were returned to independently ventilated ca-
ges. Blood samples were collected 24 hours
after the surgery was performed.
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miRNA mimic, miRNA inhibitor and siRNA
transfection

Cells were grown in the indicated medium 24
hours before transfection. The cells were trans-
fected with 50 nM of miR-3646 mimics, inhibi-
tor, RHOH siRNA or the scramble mimics/inhibi-
tor/siRNA using lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’'s protocol. The miRNA mimics,
inhibitors, and siRNA were synthesized by
Guangzhou RiboBio Co., Ltd. The siRNA sequ-
ences were as follows: GGUGCUGAUGUGCUA-
CUCUGU (RHOH siRNA), GGCAAGCUGACCCU-
GAAGUU (Control siRNA).

Semi-quantitative RT-PCR and quantitative
RT-PCR

Total RNA was isolated from the serum sam-
ples and harvested cells by using TRIzol LS
(Invitrogen) or TRIzol (Invitrogen) respectively
following the manufacturer’'s manual. For mRNA
detection of RHOH, Quantitative RT-PCR was
performed using the One Step SYBR® Prime-
Script™ RT-PCR Kit Il (Takara, Tokyo, Japan) on
the LightCycler® 96 Real-Time PCR System
(BioRad, Hercules, CA, USA). B-ACTIN was used
as an internal control. Primers were as follows:
5-CAAATGAAACCCCCTCTGCG-3' (RHOH, for-
ward), 5-TTGGGTTAGTGTGTGTGGGG-3’ (RHOH,
reverse), 5-AAAGACCTGTACGCCAACAC-3' (B-
ACTIN, forward), and 5-GTCATACTCCTGCTT-
GCTGAT-3’ (B-ACTIN, reverse). For miR-3646
detection. 5 ng of total RNA were reverse tran-
scribed to cDNA with stem-loop primers by
using the QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany). Quantitative real-
time PCR (qRT-PCR) was done by using the
SYBR® Green detection reagent (Takara). U6
RNA was used as internal control. Primers were
as follows: 5-GTCGTATCCAGTGCAGGGTCCGA-
GGTATTCGCACTGGATACGACTGGGCT-3’ (specif-
ic miR-3646 RT primer), 5-GTGCAGGGTCCGA-
GGT-3' (MiR-3646, forward), 5-GCAAAATGAA-
ATGAGCCCAG-3’ (miR-3646, reverse). 5-CTCG-
CTTCGGCAGCACA-3’ (U6, forward), 5-AACGCT-
TCACGAATTTGCGT-3’ (U6, reverse).

Luciferase reporter assay

Reporter plasmid containing wild type RHOH
or mutant plasmid was transfected into 293T
cells along with miR-3646 mimic or control
mimic, using lipofectamine 2000 reagent ac-
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cording to the manufacturer’s manual. Forty-
eight hours later, cells were lysed with 100 pl of
Passive Lysis Buffer (Promega, Fitchburg, WI,
USA), and their Renilla luciferase levels were
analyzed using the Dual Glo Luciferase Assay
System (Promega). The firefly luciferase activity
was used as internal control. The primers used
for cloning and site directed mutagenesis are
as follows: 5-GACCGCGATCGCACCCCAAGAGA-
CTTCACA-3’ (RHOH-WT-forward), 5-CTTAGTTT-
AAACGGAGCAGTCTGATTCTCTAC-3’ (RHOH-WT-
reverse); 5-TTCTGAAATGATAAAACATCAAAGTA-
AAATTTACTATAT-3’ (RHOH-Mut-forward), 5-ATA-
TAGTAAATTTTACTTTGATGTTTTATCATTTCAGAA-
3’ (RHOH-Mut-reverse).

Measurement of TNFo by ELISA

Commercial ELISA kits (Invitrogen, USA) were
used to measure the TNF«x in the serum sam-
ples and cell culture supernatant, following the
manufacturer’s instructions.

Cell proliferation assay

One thousand cells were seeded in a 96-well
plate and transfection was performed when
cell confluence reached 50-70%. Proliferation
rates were determined at O, 24, 48 and 72
hours after transfection. At each timepoint,
cell culture medium was changed with fresh
culture medium pre-mixed with 10% CCK-8
reagent (Dojindo Laboratories, Kumamoto,
Japan). Then the cells were incubated at 37°C
for about 1 hour and analyzed for absorbance
by an auto microplate reader (Thermo Scientific,
Waltham, Massachusetts, USA) at 450 nm.

Western blot

Western blot was performed as previously
described [34]. Rabbit monoclonal RHOH (Cat#
118507), CDK2 (Cat# 32147), Cyclin D1 (Cat#
134175), p21 (Cat# 109520) and p27 (Cat#
32034) antibody was purchased from Abcam
(Cambridge, MA, USA). Mouse monoclonal B-
actin antibody was from Beyotime (Cat# AA128,
Shanghai, China).

Wound healing assay

Six-well plates were seeded with 5 x 10° cells
transfected with either control or miR-3646
mimic and cultured in an incubator until 2700%
confluence was reached. The layer of cells was
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Figure 1. miR-3646 expression is significantly upregulated in the serum samples derived from patients with CAD
and from mice with AMI, and its expression is positively correlated with TNFa. A. The expression of circulating
miR-3646 in patients with CAD (n = 24) compared with healthy control (n = 19). B. ELSIA analysis to determine
the protein level of TNFa in the serum samples derived from patients with CAD compared with healthy controls. C.
Correlation analysis of miR-3646 and TNFa expression in the serum samples of CAD patients. D. The expression of
miR-3646 in the serum samples of AMI mice (n = 12) compared with normal controls (n = 12). E. The TNFa expres-
sion in the serum samples of AMI mice compared with normal control. F. Correlation analysis of miR-3646 and TNF«

expression in the serum samples of AMI mice.

scratched with a 10 ul pipette tip and washed
with fresh medium three times. The incubation
was continued in culture medium with 1% FBS
for 12 hours. The distance of cell migration was
determined by microscopy.

Migration assay

One million VSMCs were suspended into 100 ul
of basic culture medium and seeded in the top
chamber of an insert (8 um pores), which was
inserted into a 24-well plate. Five hundred pl of
culture medium with 10% FBS was added to
the bottom chambers. Six hours later, the cells
passing through the membrane onto the lower
side of the chamber were fixed in 4% parafor-
maldehyde (Beyotime), stained with 0.1% crys-
tal violet (Beyotime) and detected under a
Nikon inverted microscope (Nikon Instruments,
Melville, NY, USA). Stained crystal violet was
then dissolved with 33% acetic acid and quan-
tified at a microplate reader at 570 nm.

Statistical analysis

The statistical significance between two groups
was determined by unpaired Student’s t test.
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The correlation between miR-3646 and RHOH
was analyzed by Pearson method. A P-value
smaller than 0.05 was considered significant.

Results

miR-3646 expression is upregulated and posi-
tively correlated with TNFo in serum samples
of CAD patients and AMI mice

Initially, to evaluate the role of miR-3646 in
CAD, we detected the expression levels of cir-
culating miR-3646 in patients with CAD (n = 24)
and healthy controls (n = 19) by using quantita-
tive RT-PCR. We found that circulating miR-
3646 was significantly upregulated in patients
with CAD compared with healthy controls (P =
0.0172, Figure 1A). Then, we established an
AMI model in mice and determined the expres-
sion levels of circulating miR-3646 in these
samples. Compared with the sham group, the
expression of miR-3646 was also significantly
higher in the AMI mice (P = 0.0010, Figure 1D).
Next, we also examined the inflammatory factor
TNFx in these samples. The results demon-
strated that TNFa was also upregulated in CAD
patients and AMI mice compared with healthy
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Figure 2. miR-3646 promotes TNFa secretion in THP-1 cells potentially by suppressing RHOH. A. Semi-quantitative
RT-PCR to determine the expression of miR-3646 in THP-1 cells transfected with miR-3646 mimic compare with
control. B. Quantitative RT-PCR to detect the expression of miR-3646 in THP-1 cells transfected with miR-3646
inhibitor compared with control. C. The protein levels of TNF«x in supernatant of cells with indicated treatment,
determined by western blot analysis. D. Schema of the miR-3646 binding site within the RHOH 3’UTR. The mu-
tated site is shown below. E. The psiCHECK-2 sensor plasmids containing the RHOH 3'UTR or mutated 3'UTR were
co-transfected in 293T cells with miR-3646 mimic, or control mimic. Overexpression of miR-3646 decreased the
luciferase expression compared to controls. No downregulation of luciferase was observed for the negative control
or mutated plasmid with miR-3646 overexpression. F. Western blot analysis to determine RHOH protein expression
in THP-1 cells transfected with miR-3646 mimic or control mimic. G. Western blot to determine the protein level of
RHOH in THP-1 cells transfected with RHOH siRNA or control siRNA. H. Determination of TNFa expression in THP-1
cells transfected with RHOH siRNA or control siRNA. **P < 0.01 versus control.

mimic or inhibitor into THP-1 macrophages. The
results indicated that transfection of miR-3646

control (Figure 1B and 1E). Importantly, we
found that the expression levels of miR-3646

were positively correlated with TNFo both in
CAD patients and AMI mice (Figure 1C and 1F).
These findings suggest that upregulation of
miR-3646 may contribute to CAD by elevating
TNFa.

miR-3646 upregulates the levels of TNFo in
THP-1 macrophages

To elucidate whether miR-3646 regulate the
expression of TNFa. We transfected miR-3646
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mimic (Figure 2A) elevated the levels of TNFa
(Figure 2C), while silence of miR-3646 (Fig-
ure 2B) suppressed TNFa levels (Figure 2C).
Bioinformatics analysis predicted that RHOH
was a direct target of miR-3646 (Figure 2D). To
elucidate the relationship between miR-3646
and RHOH, a luciferase reporter assay was
conducted. Co-transfection of miR-3646 mimic
into 293T cells with the reporter plasmid
containing the conserved miR-3646 predicted
binding site for RHOH suppressed the lucifer-
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Figure 3. miR-3646 promotes cell proliferation and migration of VSMCs. (A) Quantitative RT-PCR to determine the
expression of miR-3646 in VSMCs treated with 20 ng/ml of PDGF-bb for O, 24, 48 and 72 h. (B) Semi-quantitative
RT-PCR to determine the expression of miR-3646 in VSMCs transfected with miR-3646 mimic or control mimic.
(C) CKK8 assay to evaluate the proliferate rate of VSMCs transfected with miR-3646 mimic or control mimic. (D)
Determination of cell cycle proteins CDK2, Cyclin D1, p21, and p27 in VSMCs transfected with miR-3646 mimic or
control mimic. (E and H) Wound healing assay (E and G) and migration assay (F and H) to determine the and migra-
tion abilities of VSMCs transfected with miR-3646 mimic or control mimic. Cells invading or migrating to the bottom
side of the upper chamber were stained with crystal violet, dissolved with acetic acid and quantified at OD 570 (H).

**P < 0.01 versus control.

ase activity of the reporter gene, compared
with the control miRNA mimic (Figure 2E).
Disruption of the predicted binding sites
reduced the inhibitory activity of miR-3646
mimic on the luciferase activity (Figure 2E).
Moreover, overexpression of miR-3646 in THP-1
cells (Figure 2A) significantly suppressed RHOH
protein levels (Figure 2F). These results indi-
cate that RHOH is a direct target of miR-3646 in
macrophages. Importantly, silence of RHOH in
THP-1 cells (Figure 2G) also significantly inhib-
ited the level of TNFa, which was determined
by the ELISA assay (Figure 2H). These data
demonstrate that miR-3646 upregulated TNFx
expression in macrophages may via targeting to
RHOH.
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miR-3646 promotes cell proliferation, migra-
tion in VSMCs

It is well recognized that the proliferation and
migration of VSMCs play a critical role in the
development of CAD. We next determined the
effect of miR-3646 and its target RHOH in the
proliferation and migration of VSMCs. QRT-PCR
analysis illustrated that PDGF-bb (20 ng/ml)
can induce miR-3646 expression (Figure 3A).
Moreover, CKK8 analysis demonstrated that
ectopic expression of miR-3646 in VSMCs
(Figure 3B) significantly elevated the cell pro-
liferate rate (Figure 3C). Meanwhile, we also
determined the expression of cell cycle-rela-
ted proteins in miR-3646 mimic transfected
VSMCs. The results showed that the cell cycle

Int J Clin Exp Pathol 2018;11(12):5830-5839
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Figure 4. Silencing of RHOH restores cell proliferation and migration of VSMCs. (A) Western blot analysis to evaluate
the protein levels of RHOH in VSMCs transfected with miR-3646 mimic or control mimic. (B and C) Quantitative RT-
PCR (B) and western blot (C) to determine the expression of RHOH in VSMCs treated with 20 ng/ml of PDGF-bb for O,
24,48 and 72 h. (D) The expression of RHOH in VSMCs transfected with RHOH siRNA or control siRNA. (E) CKKS8 as-
say to evaluate the proliferation rate of VSMCs transfected with RHOH siRNA and control siRNA. (F and G) Migration
assay to determine the migration abilities of VSMCs transfected with RHOH siRNA and control siRNA. (H) Schematic
view to present the regulatory role of the miR-3646-RHOH axis in CAD. “P < 0.05, “"P < 0.01 versus control.

promoting genes CDK2 and Cyclin D1 was
upregulated by miR-3646 in VSMCs, while the
expression of cell cycle inhibiting genes p21
and p27 was suppressed (Figure 3D). Moreover,
we also evaluated the effect of miR-3646 on
VSMC migration. Both wound healing assay
(Figure 3E and 3G) and Boyden chamber migra-
tion assay (Figure 3F and 3H) demonstrated
that ectopic expression of miR-3646 drastically
elevated the migrative ability of VSMCs.

Silence of RHOH also promotes cell prolifera-
tion, migration in VSMCs

To evaluate the potential mechanism of miR-
3646 in regulating cell proliferation and apop-
tosis in VSMCs, we also detected the expres-
sion of RHOH in VSMCs transfected with miR-
3646. The results demonstrated that miR-
3646 also suppressed RHOH translation in
VSMCs (Figure 4A). In addition, PDGF-bb also
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inhibited RHOH expression, determined by
quantitative RT-PCR and western blot analysis
(Figure 4B and 4C). After a series of cellular
function experiments, we found that silencing
of RHOH (Figure 4D) also increased cell prolif-
eration (Figure 4E) and promoted cell migration
(Figure 4F and 4G).

Taken together, these findings indicate that
miR-3646 promotes vascular inflammation and
increased cell proliferation and migration of
VSMCs by directly targeting RHOH (Figure 4H).

Discussion

Dysregulation of miRNAs contributes to various
pathologic diseases, including CAD [22-26, 35].
Recent studies have shown that a variety of cir-
culating miRNAs are aberrantly expressed in
the sera of CAD patients and can be potential
diagnostic biomarkers and therapeutic options

Int J Clin Exp Pathol 2018;11(12):5830-5839
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for CAD [22, 36]. In the present study, we found
that the expression of miR-36466 was drasti-
cally upregulated in patients with CAD and mice
with AMI. Moreover, we demonstrated that
miR-3646 promoted vascular inflammation
and biological behaviors of VSMCs by targeting
to RHOH. These results suggest that the miR-
3646-RHOH axis is of great importance in the
pathogenesis of CAD. Thus, clinically modulat-
ing miR-3646 and RHOH expressions could be
promising means of reducing inflammation and
decreasing VSMC proliferation and migration,
improving endothelial regeneration after vascu-
lar injury.

In this study, we focused on miR-3646, as this
miRNA has been previously reported as a
tumor promoting miRNA in carcinogenesis and
associated with ischemic diseases. Several
studies also demonstrate that this miRNA is
aberrantly expressed in CAD patients based
on microarray analysis. Our unpublished high
throughput sequencing data also showed that
miR-3646 was upregulated in the serum sam-
ples of CAD patients. In the present study, we
systematically identified the expression, func-
tion, and underlying mechanisms of miR-3646
in CAD.

Small G proteins of the Rho family are defined
as major regulators of cell functions includ-
ing migration, proliferation, differentiation and
gene transcription [37]. Recent studies have
demonstrated that abnormal activation of the
RHOA/ROCK pathway has been observed in
major cardiovascular disorders such as reste-
nosis, hypertension, pulmonary hypertension,
and cardiac hypertrophy. Functional analyses
have further revealed that RHOA-dependent
pathways are involved in excessive contraction,
migration, and proliferation associated with
arterial diseases [37-39]. However, the exact
role of RHOH in vascular inflammation and the
biological behaviors of VSMCs have not been
fully elucidated. In the present study, we found
that RHOH not only suppressed inflammatory
factor release of macrophages, but also inhib-
ited cell proliferation and migration of VSMCs.
Previous studies have shown that RHOH is
expressed in hematopoietic cells and functions
as a negative regulator of cell growth and sur-
vival. Consistently, our findings also demon-
strate that RHOH negatively regulates VSMC
proliferation and migration [40]. Li et al. have
found that RhoH functions differently from
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other Rho GTPases and is a potent inhibitor of
the activation of NFkappaB and p38 by other
Rho GTPases [40]. Furthermore, reduction of
RhoH levels in T cells augments the response
to Rac activation [40]. The inhibitory function of
RhoH in Rho GRPases supports our and other
researchers’ results in which RHOH is inacti-
vated and the RHOA/ROCK pathway is activat-
ed in CAD.
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