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ARTICLE INFO ABSTRACT

Aims: MicroRNAs have been demonstrated to be involved in the development of atherosclerosis. The present
study aimed to evaluate the effect of miR-99a-5p and its target gene Homeobox Al (HOXA1) in atherosclerosis.
Main methods: The biological functions of miR-99a-5p on human aortic smooth muscle cells (ASMCs) were
assessed by MTT, wound healing and transwell assays. The target genes of microRNAs were predicted by
TargetScan and miRDB. The binding of miR-99a-5p and HOXA1 was confirmed by luciferase reporter assay. In
the in vivo study, high-fat diet-induced atherosclerosis model was established in Apolipoprotein E knockout mice.
Hematoxylin-eosin (H&E), oil Red O and Masson trichrome staining were performed for determination of
atherosclerotic lesion. The levels of miR-99a-5p and HOXA1 mRNA were detected by real-time PCR. HOXA1 and
migration-associated protein levels were detected by western blot or immunohistochemistry analysis.

Key findings: MiR-99a-5p inhibited HOXA1 expression by targeting 3’'UTR of HOXA1 mRNA. Enforced HOXA1
significantly promoted the proliferation, migration, and invasion of ASMCs. Furthermore, miR-99a-5p over-
expression inhibited the proliferation, migration, and invasion of ASMCs stimulated by HOXA1, whereas miR-
99a-5p inhibition reversed the effects of HOXA1 knockdown on these behaviours of ASMCs. In vivo, the specific
overexpression of miR-99a-5p significantly abated atherosclerotic lesions formatted, accompanied with a sig-
nificant down-regulation of HOXA1 mRNA and protein expression levels.

Significance: We demonstrate for first time that miR-99a-5p may serve as a potential inhibitor of the athero-
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sclerosis, and miR-99a-5p plays its role partially through targeting HOXA1.

1. Introduction

Atherosclerosis is an age-related artery disease which is character-
ized by the thickening, hardening, stenosis and the formation of
atherosclerotic plaques of the arteries [1,2]. It is the leading cause of
cardiovascular, cerebrovascular and peripheral arterial diseases. Al-
though various therapeutic techniques for the treatment of athero-
sclerosis have been developed, the risk of diseases induced by athero-
sclerosis and its complications remain at a high level. Therefore, it is
necessary to further explore the underlying complex molecular me-
chanism and find novel therapeutic targets.

MicroRNAs (miRNAs) are a class of non-coding small RNAs of 19-25
nucleotides in length that modulate cell apoptosis, proliferation and
differentiation by completely or incompletely pairing with the 3’ un-
translation region (3’ UTR) of the target gene mRNA [3,4]. Increasing
evidences have indicated that miRNAs participate in the development
of atherosclerosis. For instance, miR-let-7g attenuates atherosclerosis

partially by targeting the LOX-1 signalling pathway [5]. While miR-24
accelerates atherosclerosis by inhibiting lipid uptake [6]. MiR-99a-5p is
a tumour suppressor and has been widely studied in various kinds of
cancers [7-9]. In a recent study, miR-99a-5p has been reported to in-
hibit insulin-induced proliferation, migration and dedifferentiation in
vascular smooth muscle cells (VSMCs) [10]. Phenotypic changes of
VSMCs have been suggested to play key roles in the pathogenesis and
progression of atherosclerosis [11,12], and inhibition of the phenotypic
switch of VSMCs is considered as a therapeutic target for atherosclerosis
treatment [13,14]. Thus, we hypothesize that miR-99a-5p may parti-
cipate in the process of atherosclerosis.

HOX proteins are a series of transcription factors required for the
patterning of the body plan in the embryo [15,16], and are involved in
vascular wall-resident multipotent stem cell differentiation into smooth
muscle cells [17]. HOXA1, one of the HOX family members, plays cri-
tical roles during early vertebrate development. It is involved in various
biological processes, such as cancer cells growth, migration and
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Table 1
Primers for real-time PCR.

Gene name Primer sequence

Has-miR-99a-5p Forward primer (5’-3’) GTGACAACCCGTAGATCCGATC

Reverse primer (5-3’) GTGCAGGGTCCGAGGTATTC
Mmu-miR-99a-5p Forward primer (5’-3) GTGACAACCCGTAGATCCGATC
Reverse primer (5-3’) GTGCAGGGTCCGAGGTATTC
Homo HOXA1 Forward primer (5’-3") CAACGAGACCCAAGTGAAGATC
Reverse primer (5-3") AAGGAACGCAGGGCGAAGA
Mus HOXA1 Forward primer (5’-3’) CACCACCACCATCACCACC
Reverse primer (5-3') CCAGAGTAAACAGCGGGAGC

Note: miR-99a-5p: microRNA-99a-5p; HOXA1: Homeobox Al.

invasion [18,19]. Recently, HOXA1 has been found to be up-regulated
in the athero-susceptible regions of the inner aortic arch and aorto-renal
branches [20], which indicates that HOXA1 may be involved in the
pathological mechanisms of atherosclerosis. Additionally, previous
studies have indicated that HOXAL1 is a target of miR-99a-5p in epi-
thelial cells and in breast cancer cells [21,22]. However, the role of
miR-99a-5p/HOXAL1 in atherosclerosis has not been elucidated. In the
present study, we investigated the effects of miR-99a-5p/HOXA1 on the
phenotype of VSMCs in vitro and whether overexpression of miR-99a-5p
could attenuate atherosclerosis in vivo.

2. Materials and methods
2.1. Cell culture of human aortic smooth muscle cells (ASMCs)

Primary human ASMCs purchased from Shanghai Zhong Qiao Xin
Zhou Biotechnology Co., Ltd. (Shanghai, China) were cultured in F12K
complete medium (Sciencell, San Diego, CA, USA) at 37 °C in a humi-
dified 5% CO, incubator. Immunofluorescence assay was performed for
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the detection of smooth muscle a-actin (SM a-actin) and smooth muscle
22 alpha (SM-22a) expression to identify the contractile phenotype of
ASMCs (Supplemental Fig. 1).

2.2. Bioinformatics

The TargetScan (http://www.targetscan.org) and miRDB (http://
www.mirdb.org) software programs were applied to predict the miR-
99a-5p putative target genes.

2.3. Cell transfection

Cells were trypsinized, counted and seeded into six-well plates the
day before transfection to ensure cell confluence reached 70%.

For overexpression of HOXA1, the human HOXA1 coding sequence
was inserted into the pcDNA3.1 (+4) vector (pcDNA3.1-HOXA1,
Clontech, Palo Alto, CA, USA). HOXA1 siRNA (small interfering RNA,
si-HOXA1) was used to knock down HOXA1. For overexpression or
knockdown of miR-99a-5p (Accession Number: MIMAT0000097), the
miR-99a-5p agomir, miR-99a-5p antagomir, and their negative control
(NC) agomir were purchased from GenePharma Co., Ltd. (Shanghai,
China). The transfection and co-transfection were performed using
Lipofectamine RNAiMAX or Lipofectamine 3000 (Invitrogen, Carlsbad,
CA, USA).

2.4. Cell proliferation assay

3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) assay was conducted to detect cell proliferation. ASMCs were
seeded into 96-well plates at a density of 3 x 10° cells/well. At 24h
after transfection, the cultures were continued for 24, 48, and 72 h. At
each specific time point, the cell medium was replaced with DMEM
complete medium containing MTT (0.5 mg/ml, Sigma, St. Louis, MO,
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Fig. 1. HOXAL is a direct target of miR-99a-5p. (A) Relative miR-99a-5p level in ASMCs transfected with NC agomir or miR-99a-5p agomir was assessed by real-time
PCR. (B and C) Relative mRNA and protein levels of HOXA1 were assessed by real-time PCR and western blot in ASMCs transfected with NC agomir or miR-99a-5p
agomir. (D) 3’ UTR of HOXA1 was predicted to contain a complementary region of miR-99a-5p seed sequences, and mutation was generated in the 3’UTR of HOXA1.
(E) Luciferase reporter plasmids harbouring the WT or MUT 3’-UTR of HOXA1 were co-transfected with NC agomir or miR-99a-5p agomir into HEK 293 T cells. At
48 h post-transfection, luciferase assay was performed. Data are presented as the mean + SD. (*p < 0.01; ***p < 0.001; ns, not significant.)
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Fig. 2. HOXA1 overexpression promotes ASMCs proliferation, migration and invasion. (A) MTT assay showed the proliferation of ASMCs at 0, 24, 48 and 72 h after
24 h of transfection. (B and C) Wound healing assay was used to detect ASMCs migration (100 X, bar = 200 um). (D and E) Transwell assay was conducted to
evaluate cell invasion (200 x, bar = 100 um). Data are presented as the mean + SD. (p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.)

USA) and successively incubated for 4h at 37 °C in a humidified 5%
CO, incubator. After that, the supernatant was removed and 150 pl
dimethyl sulfoxide (KeyGEN, Nanjing, China) was added to dissolve the
formazan crystals for 10 min. The absorbance at 570 nm was measured
with a microplate reader (BioTek, Vermont, USA).

2.5. Wound healing assay

Wound healing assay was conducted to measure cell migration. The
transfected cells were pre-treated in the serum-free medium added with
mitomycin (1 pg/ml) for 1 h. Hereafter, the cell monolayer was scraped
in a straight line with a pipet tip (200 pl), followed by washing with the
serum-free medium to remove cellular debris. Then the cells were
cultured in the serum-free medium. Subsequently, photomicrographic
images were taken at Oh and 24 h after scratch using a microscope
(Motic, Xiamen, China) to analyse the migration path.

2.6. Transwell assay

Transwell assay was performed to detect cell invasion by using a
transwell system (Corning, Toledo, America). At 24 h after transfection,
the transfected ASMCs (4 x 10°/well) were placed in the upper

chamber with serum-free medium and the bottom chamber was filled
with F12K complete medium (Sciencell). Then the transfected cells
were allowed to invade for 48 h. After that, cells on the lower side were
fixed with 4% paraformaldehyde and stained with 0.5% crystal violet
dye solution. The stained cells were counted under an inverted phase
contrast microscope (Motic).

2.7. Luciferase reporter assay

HOXA1 mutant-type (MUT) was obtained from HOXA1 wild-type
(WT) by point mutation technique. HOXA1 WT and MUT sequences
were cloned into pmir GLO vector, and the resulting constructs
pmirGLO-HOXA1-3'UTR-WT and pmirGLO-HOXA1-3’ UTR-MUT, re-
spectively. Afterwards, HEK 293T cells were transiently co-transfected
with pmirGLO-HOXA1-3" UTR-WT or pmirGLO-HOXA1-3" UTR-MUT
and NC agomir or miR-99a-5p agomir using Lipofectamine 3000 re-
gents (Invitrogen) according to the manufacturer's instructions. Forty-
eight hours after transfection, luciferase activity was determined using
the Dual Luciferase Reporter Assay kit (Promega, Madison, WI, USA)
according to the manufacturer's instructions.
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Fig. 3. Promotion of the proliferation, migration, and invasion of ASMCs induced by HOXAIl is mediated by miR-99a-5p. ASMCs were transfected with
pcDNA3.1 + NC agomir, HOXA1 (pcDNA3.1-HOXA1) + NC agomir, pcDNA3.1 + miR-99a-5p agomir or HOXA1 + miR-99a-5p agomir. (A) The proliferation of
ASMCs was tested at 0, 24, 48 and 72h after 24h of transfection by MTT assay. (B and C) Wound healing assay was used to detect cell migration (100X,
bar = 200 um). (D and E) Transwell assay was conducted to evaluate cell invasion (200 x, bar = 100 um). Data are presented as the mean * SD. (*p < 0.05;

*p < 0.01; **p < 0.001.)

2.8. Real-time PCR for miRNA and gene mRNA analysis

Total RNAs were extracted from human ASMCs and mouse aortas by
using the TRIpure isolation reagent (BioTeke, Beijing, China) according
to the manufacturer's instructions. RNA concentration was determined
using a NANO 2000 ultraviolet spectrometer (Thermo, Massachusetts,
America). Then the size of the mature miR-99a-5p was extended by
using a stem-loop reverse transcription primer, GTTGGCTCTGGTGCA
GGGTCCGAGGTATTCGCACCAGAGCCAACCACAAG. Different cDNAs
were synthesized using super M-MLV reverse transcriptase (BioTeke)
and real-time PCR was carried out on an Exicycler 96 Real-Time
Quantitative thermal cycler (Bioneer, Daejeon, Korea) using SYBR

Green I Master Mix (Solarbio, Beijing, China). 2~ 44T threshold method
was used to calculate the relative expression of miR-99a-5p and HOXA1
mRNA, which were normalized to the internal control U6 and B-actin
respectively. The sequences of primers are shown in Table 1.

2.9. Western blot

Total proteins were extracted from ASMCs and mouse aortas using
RIPA lysate with 1% PMSF (Beyotime, Beijing, China), then separated
by 12% polyacrylamide gels and electrophoretically transferred onto
polyvinylidene fluoride membranes. After blocking in 5% non-fat milk
dissolved in Tris Buffered Saline with Tween, the membranes were
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Fig. 4. Inhibition of the proliferation, migration, and invasion of ASMCs by si-HOXA1 is reversed by miR-99a-5p knockdown. ASMCs were transfected with si-
NC + NC antagomir, si-HOXA1 + NC antagomir, si-NC + miR-99a-5p agomir or si-HOXA1 + miR-99a-5p antagomir. (A) The proliferation of ASMCs was tested at 0,
24, 48 and 72 h after 24 h of transfection by MTT assay. (B and C) Wound healing assay was used to detect cell migration (100 x , bar = 200 um). (D and E) Transwell
assay was conducted to evaluate cell invasion (200 X , bar = 100 pm). (F-H) The expressions of migration-related protein Vimentin, MMP2 and MMP9 in ASMCs were
determined by western blot assay. Data are presented as the mean + SD. (*p < 0.05; **p < 0.01; ***p < 0.001.)

incubated with primary antibodies: anti-HOXA1l antibody (1:500,
Abcam, Cambridge, UK), anti-B-actin antibody (1:1000, Bioss, Beijing,
China), anti-Vimentin antibody (1:2000, Proteintech, Wuhan, China),
anti-Matrix Metalloproteinase 2 antibody (MMP2, 1:1000, Proteintech),
anti-MMP9 antibody (1:1000, ABclonal, Wuhan, China), anti-GADPH
antibody (1:1000, Bioss) at 4 °C overnight. Then membranes were in-
cubated with corresponding HRP-conjugated second antibodies.
Finally, all band intensities were visualized using enhanced chemilu-
minescence reagent (Solarbio) and analysed with the Gel-Pro-Analyzer
system.

2.10. Animal experiments and grouping

Twelve male apolipoprotein E knockout mice (ApoE™"") and six
male C57BL/6J wide-type mice aged 6 weeks were purchased from
Beijing Huafukang Bioscience Co., Ltd. (Beijing, China). The animals
were bred in a facility with constant humidity and temperature
(22 £ 1°C) under a 12h light/dark cycle throughout all the experi-
ments. All the experiments were performed according to the Guide for
Laboratory Animal Care and Use and approved by the Ethical
Committee of Harbin Medical University.

After acclimatization for 1 week, the ApoE ~/~ mice were randomly
divided into two groups: NC agomir group and the miR-99a-5p agomir
group. The wide-type mice in the control group were fed with a stan-
dard rodent diet for 12 weeks. All ApoE ™/~ mice were fed a high-fat
diet (1.25% cholesterol, 15.8% fat) for 12 weeks. Next, ApoE ™/~ mice
in NC group and miR-99a-5p group received injections of NC agomir
and miR-99a-5p agomir (20 mg/kg), respectively, through tail veins
twice a week for three weeks. During the 3-week treatment period, the
diet of mice in each group was the same as that before treatment. After
that, all mice were sacrificed under anesthesia by intraperitoneal in-
jection of sodium pentobarbital (250 mg/kg) and complete aortas were
removed for subsequent experiments.

2.11. Determination of atherosclerotic lesion

Hematoxylin-eosin (H&E), oil red O, and Masson trichrome staining
were performed for histopathological evaluation of the aortic valves.
After fixation in 4% paraformaldehyde, the mouse aortic valves were
dehydrated in 20% and 30% sucrose solutions successively, and the
tissues were submerged into the bottom of the solution indicating
complete dehydration. Subsequently, the tissues were embedded in
optimal cutting temperature (OCT) compound and were cross-sectioned
into 10-um sections using a freezing microtome (Leica, Solms,
Germany). Serial sections were stained with several staining solutions
following the manufacturer's instructions. The images were captured
under a light microscope (Olympus, Tokyo, Japan) and the Image Pro
Plus software was used to analyse the images.

2.12. Immunohistochemistry

Immunohistochemistry assay was performed for expression of
HOXA1. OCT-embedded tissues were cut on a cryostat (10-um) then
fixed with 4% paraformaldehyde for 15 min, air dried and stored in a
refrigerator (—70°C). Frozen sections were antigen-retrieved, pre-
treated with 3% hydrogen peroxide and blocked with goat serum for
15 min. Hereafter, the sections were incubated with anti-HOXA1 pri-
mary antibody (1:200 dilution, Proteintech, Wuhan, China) at 4°C
overnight and HRP-labeled secondary antibody (1:500 dilution,

Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C for 60 min. After
a washing stage, the staining was visualized by incubation with DAB
solution (Solarbio) and the sections were counterstained with hema-
toxylin. Finally, the sections were observed under a light microscope
(Olympus) at 400 X magnification.

2.13. Immunofluorescence

Immunofluorescent staining of Cluster of Differentiation 68 (CD68)
in atherosclerotic lesion and smooth muscle a-actin (SM a-actin) and
smooth muscle 22 alpha (SM-22a) in ASMCs was performed. After pre-
treatment, the sections were incubated with anti-CD68 (1:50 dilution,
Santa Cruz, Dallas, Texas, USA), and the ASMCs were incubated with
anti-SM a-actin (1:200 dilution, Proteintech) or SM-22a (1:200 dilu-
tion, Proteintech) at 4 °C overnight. Then, the sections or ASMCs were
probed with corresponding Cy3-labeled secondary antibody (1:200 di-
lution, Beyotime) respectively. Nuclei were counterstained with 4/,6-
diamidino-2-phenylindole (DAPI) for 10 min. Finally, the staining was
observed under a fluorescent microscope at 400X magnification
(Olympus).

2.14. Statistical analysis

All statistical analyses were carried out using GraphPad Prism ver-
sion 6 software (GraphPad, La Jolla, CA, USA). Statistical analyses were
performed using one-way ANOVA followed by Bonferroni's multiple
comparison tests. Differences were considered to be statistically sig-
nificant when p < 0.05.

3. Results

3.1. MiR-99a-5p inhibits HOXA1 expression and targets the 3’'UTR of
HOXA1 mRNA

We confirmed the effective overexpression of miR-99a-5p by agomir
in ASMCs (Fig. 1A) and further confirmed that the over-expressing miR-
99a-5p reduced HOXA1 mRNA and protein levels in ASMCs (Fig. 1B
and C). The 3’-UTR of HOXA1 was speculated to contain a com-
plementary region of miR-99a-5p seed sequences (Fig. 1D). Results of
the dual-luciferase reporter assay showed that the co-transfection of
miR-99a-5p agomir and HOXA1-3’-UTR-WT into HEK 293 T cells could
suppress the relative luciferase activity, but the co-transfection of miR-
99a-5p agomir and HOXA1-3-UTR-MUT did not limit the relative lu-
ciferase activity, which suggested that miR-99a-5p directly targeted to
HOXA1 mRNA. (Fig. 1E).

3.2. HOXA1 promotes the proliferation, migration and invasion of human
ASMCs

Effect of HOXA1 on cell proliferation of human ASMCs was ex-
amined by MTT assay. PcDNA3.1-HOXA1 transfection significantly
promoted ASMCs proliferation in a time-dependent manner (Fig. 2A).
Additionally, we also evaluated the impact of HOXA1 overexpression
on ASMCs migration and invasion, the important events contributing to
the progress of atherosclerosis. In wound healing and transwell assays,
HOXA1 overexpression induced significant increases in migration
(Fig. 2B and C) and invasion (Fig. 2D and E) in the ASMCs compared
with the control or vector-transfected ASMCs.
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with NC agomir or miR-99a-5p agomir were stained. (A) Hematoxylin and eosin staining, atherosclerotic lesion area and the ratio of atherosclerotic lesion area to the
total aorta valves (40 x, bar = 500 um). (B) Oil Red O staining and quantitative analysis (40 X, bar = 500 um). (C) Masson trichrome staining and quantitative
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Fig. 6. Overexpression of miR-99a-5p downregulates the expression of HOXA1 in the aorta of ApoE ™/~ mice. (A) Relative miR-99a-5p level of mice in different
groups was assessed by real-time PCR. (B and C) Relative mRNA and protein levels of HOXA1 in mice of different groups were assessed by real-time PCR and western
blot. (D) Immunohistochemistry and cell count of HOXA1 positive cells. Data are presented as the mean = SD. (*p < 0.05; **p < 0.01; ***p < 0.001.)

3.3. Promotion of ASMCs proliferation, migration and invasion by HOXA1
is counteracted by miR-99a-5p overexpression

Given the above observations that miR-99a-5p targets HOXA1, we
probed whether promotion of proliferation, migration and invasion by
HOXA1 was mediated by miR-99a-5p overexpression in ASMCs. HOXA1
transfection markedly promoted ASMCs proliferation, however, en-
forced miR-99a-5p expression suppressed the HOXA1-stimulated pro-
liferation of ASMC as determined by MTT assay, in particular after 72h
of transfection (Fig. 3A). Indeed, results of wound-healing and transwell
assays showed that HOXAl-overexpressing resulted in enforced mi-
gratory and invasive abilities, whereas miR-99a-5p overexpression de-
creased the migratory (Fig. 3B and C) and invasive (Fig. 3D and E)
abilities of ASMCs mediated by HOXA1.

3.4. Inhibition of the proliferation, migration, and invasion of ASMCs by si-
HOXAI1 is reversed by miR-99a-5p knockdown

To further examine the specific relevance of miR-99a-5p to HOXAI,
we used si-HOXA1 and miR-99a-5p antagomir to knock down HOXA1
and miR-99a-5p in ASMCs. As presented in Fig. 4A, HOXA1 inhibition
by si-HOXA1 markedly suppressed ASMCs proliferation, whereas miR-
99a-5p knockdown reversed the effect of si-HOXA1 on the proliferation
of ASMCs. Similarly, wound-healing and transwell assays showed that
si-HOXA1 suppressed migratory (Fig. 4B and C) and invasive (Fig. 4D
and E) abilities of ASMCs, but this inhibitory effect was prevented by
miR-99a-5p antagomir transfection. In addition, the expression levels of
the key factors MMP-2 and MMP-9, Vimentin in cell migration were

measured. As shown in Fig. 4F-H, inhibiting HOXA1 decreased the
migration-related proteins, while co-transfection with miR-99a-5p an-
tagomir elevated these protein levels.

3.5. Overexpression of miR-99a-5p alleviates atherosclerotic lesions in the
aortas of ApoE~"~ mice

To verify the effects of miR-99a-5p on atherosclerosis in vivo, an
atherosclerotic model was established in ApoE~/~ mice.
Atherosclerotic mice showed an obvious aortic lesion formation in the
aortic valve, but the lesion area was significantly decreased in the
corresponding sites of the ApoE ™/~ mice injected with miR-99a-5p
agomir (Fig. 5A). Results of oil red O staining revealed a significant
increase in lipid content in atherosclerotic lesion and miR-99a-5p in-
jection reduced lipid deposition (Fig. 5B). Masson trichrome staining
results showed increased collagen content in aortic valve of athero-
sclerotic mice while miR-99a-5p reduced the collagen accumulation
(Fig. 5C). We also examined whether miR-99a-5p regulated macro-
phages accumulation, an important event in the development of
atherosclerosis. The expression of the macrophage marker CD68 in
aortic valve of ApoE™/~ mice or wild type mice was detected by im-
munofluorescence assay. Similarly, an obvious macrophage accumula-
tion in atherosclerotic mice and a significant reduction in macrophage
content within the lesion of miR-99a-5p-treated atherosclerotic mice
were observed (Fig. 5D). All these data indicate that enforced miR-99a-
5p expression alleviates the atherosclerosis in high-fat diet-fed ApoE ™~/

mice.
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Fig. 7. Schematic representation of the mechanism
by which miR-99a-5p regulates atherosclerosis by
targeting HOXA1l. MiR-99a-5p directly targeted
HOXA1 and negatively regulated HOXA1 expression.
In vitro, miR-99a-5p overexpression by miR-99a-5p
agomir could inhibit the proliferation, migration,
and invasion of ASMCs stimulated by HOXA1, par-
tially through negatively regulating HOXA1. In vivo,
the specific overexpression of miR-99a-5p by in-
travenous injection of miR-99a-5p agomir sig-
nificantly abated atherosclerotic lesions formatted in
high-fat diet apolipoprotein E knockout mice.

<>

atherosclerosis

miR-99a-5p agomir

Table 2

Putative target genes of miR-99a-5p.
Gene name  Gene description Reference
MTOR Mechanistic target of rapamycin (serine/threonine [35,36]

kinase)

NOX4 NADPH oxidase 4 [37,38]
FGFR3 Fibroblast growth factor receptor 3 [39]
NR6A1 Nuclear receptor subfamily 6, group A, member 1 [40]
PCSK9 Proprotein convertase subtilisin/kexin type 9 [41,42]
IGF1R Insulin-like growth factor 1 receptor [43]
TRIB2 Tribbles pseudokinase 2 [44]
MTMR3 Myotubularin related protein 3 [45]
FZD5 Frizzled class receptor 5 [46,47]

3.6. Overexpression of miR-99a-5p downregulates the expression of
HOXAT1 in the aorta of ApoE~’~ mice

We further examined the miR-99a-5p expression in the aortas of
mice. The expression of miR-99a-5p was significantly downregulated in
ApoE ™/~ mice injected with NC agomir compared with control ani-
mals, but the expression of miR-99a-5p in the ApoE ™/~ mice was up-
regulated after injection with miR-99a-5p agomir (Fig. 6A). Subse-
quently, we validated the effect of miR-99a-5p on expression levels of
HOX1 in the aorta. The results showed that the mRNA and protein
expression levels of HOXA1 were both notably up-regulated in the high-
fat-diet ApoE ™/~ mice injected with NC agomir compared with the
control animals. While miR-99a-5p agomir injection induced a sig-
nificant reduction of mRNA and protein expression of HOXA1l
(Fig. 6B-D), which was consistent with the effect of miR-99a-5p on
HOXA1 expression in human ASMCs.

4. Discussion

In the present study, we investigated whether miR-99a-5p played an

inhibitory effect on atherosclerosis via targeting HOXA1l. The key
findings were as follows: (1) MiR-99a-5p inhibited HOXA1 expression
and targeted the 3'UTR of HOXA1l mRNA. (2) Overexpression of
HOXA1 resulted in the significant promotion of proliferation, migration
and invasion of human ASMCs. (3) MiR-99a-5p inhibited the effects of
HOXA1 on ASMCs. (4) MiR-99a-5p downregulated the expression level
of HOXA1 and reduced the formation of atherosclerotic lesions in high-
fat diet-fed ApoE ™7/~ mice (Fig. 7).

MiRNAs possess multiple features that make them attractive can-
didates as new prognostic and therapeutic tools for atherosclerosis
[23-25]. MiR-99a-5p has been reported to inhibit biological behaviour
of VSMCs [10]. It has been reported that miR-99a-5p targets HOXAL1 in
epithelial cells, nasopharyngeal carcinoma cells and breast cancer cells
[18,21,22]. However, HOXA1 expression has not been detected in
human ASMCs before. MiR-99a-5p is a regulator of HOXA1 in non-
vascular cells. In the present study, we found that miR-99a-5p also
inhibited HOXA1 expression and targeted 3'UTR of HOXA1l mRNA.
HOXA1, known as an oncogene, plays a role in upregulating tumour
cells proliferation, migration in vitro and tumour formation in vivo
[26-29]. Interestingly, a previous study has found that HOX genes are
involved in vascular wall-resident multipotent stem cell differentiation
into smooth muscle cells, which is critical for vascular disease processes
[17]. Similarly, Bostrom et al. found that Homeobox genes may be in-
volved in human vascular pathology, and they identified that
Homeobox B7 was expressed in multipotent clones of bovine aortic
medial cells and in human atherosclerotic lesions [30]. In addition,
HOXA1 is necessary for the development of pharyngeal arch arteries
[31]. In the present study, we showed, for the first time, that over-
expression of HOXA1 enhanced proliferation, migration, and invasion
in human ASMCs. Furthermore, when HOXA1 was co-transfected with
miR-99a-5p into ASMCs, cell proliferation, migration and invasion sti-
mulated by HOXA1 overexpression alone were obviously inhibited. In
addition, siRNA mediated HOXA1 knockdown inhibited cell prolifera-
tion, migration and invasion in the ASMCs, which could be reversed by
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miR-99a-5p antagomir. Our work is consistent with the anti-pro-
liferative and anti-invasive functions of miR-99a-5p described in other
studies [8,22]. These data indicate that HOXA1 may be involved in the
development of atherosclerotic.

Feinberg et al. have documented miRNA-mediated effects both in
atherosclerosis progression and regression [32]. Concernedly, several
lines of evidence have indicated that atherosclerotic progression
ApoE ™/~ mice can be inhibited by multiple miRNAs such as miR-let-7g
and miR-30c [33,34]. After miR-99a-5p agomir administration, the
level of miR-99a-5p in atherosclerotic ApoE ™/~ mice was increased
significantly and the atherosclerotic lesion was significantly alleviated
as evidenced by the reduction of atherosclerotic lesion area, lipids and
macrophages deposition. Moreover, miR-99a-5p also downregulated
HOXA1 protein and mRNA expression levels in the aorta of ApoE ™/~
mice, which was consistent with the effect of miR-99a-5p on HOXA1
expression in the human ASMCs. These findings suggest that over-
expression of miR-99a-5p can attenuate atherosclerosis in HFD-induced
ApoE ™/~ mice, and HOXA1 may be associated with this anti-athero-
sclerotic effect.

HOXAL is just one of the numerous target genes of miR-99a-5p. It is
possible that other genes regulated by miR-99a-5p also participate in
the process of atherosclerosis. Bioinformatics analysis was performed to
predict other potential target genes of miR-99a-5p and nine genes were
found to be involved in atherosclerosis (Table 2). More specific mole-
cular mechanisms underlying the involvement of miR-99a-5p and its
targets in atherosclerosis require further investigation.

5. Conclusion

Collectively, miR-99a-5p attenuates atherosclerosis. This effect may
be associated with HOXA1 downregulation. MiR-99a-5p may become a
potential therapeutic target for atherosclerosis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/].1fs.2019.116664.
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