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ABSTRACT ARTICLE HISTORY
MiRNAs are a class of small non-coding RNAs (ncRNAs) responsible for post-transcriptional regulation of Received 13 August 2021
target genes. Accumulating evidence indicates that miRNAs are implicated in the progression of cardiac ~ Revised 8 March 2022
hypertrophy. Therefore, understanding the molecular mechanisms how these miRNAs regulate cardiac Accepted 11 March 2022
hypertrophy is u_seful for diagnosis ar?d monitOfing .of diseage progression. In this study, to investigate KEYWORDS

the effect of miR-27a-3p, we established an in vitro cardiac hypertrophy model by treating H9c2 Cardiac hypertrophy;
cardiomyocytes with angiotensin Il (Ang Il) and an in vivo model through the chronic infusion of Ang miR-27a-3p; NOVA1

Il into mice. As revealed by our experimental results, miR-27a-3p expression was significantly increased

in clinical samples, animal and cell models of cardiac hypertrophy. Inhibiting miR-27a-3p mitigated

cardiac hypertrophy phenotype induced by Ang Il. Additionally, our work identified NOVA1 (neuro-

oncological ventral antigen 1) as a downstream target of miR-27a-3p. miR-27a-3p overexpression

reduced NOVA1 protein level and mRNA expression. Consistently, NOVA1 silencing promoted cardiac

hypertrophy phenotype induced by Ang Il. In summary, these results suggest that the upregulation of

miR-27a-3p may serve as a diagnostic factor for cardiac hypertrophy, and miR-27a-3p upregulation

promotes cardiac hypertrophy by targeting NOVAT1.
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Introduction

Cardiac hypertrophy is an adaptive response to hemo-
dynamic stress, which is characterized by cardiomyo-
cyte enlargement with no increase in cell quantity
[1,2]. Cardiac hypertrophy is thought to function as
a compensatory mechanism to reduce the workload
pressure on ventricle walls, because the muscle fibers
increase in size in ventricle walls [3]. Cardiac hyper-
trophy can be divided into pathological or physiologi-
cal subtypes. Physiological hypertrophy is considered
as mild and reversible changes, which frequently
occurs in athletic activities, pregnancy, and infant
growth [4,5]. In contrast, pathological hypertrophy
results from chronic stresses such as diabetes, obesity,
myocardial infarction (MI), and hypertension [6], and
is characterized by an excessive increase in ventricular
size, and myocardial dysfunction and fibrosis [7,8].
When left untreated, pathological hypertrophy could
eventually result in heart failure (HF) or even death.

MicroRNAs (miRNAs), with a length of 18-22
nucleotides, are evolutionarily conserved non-coding
RNAs [9-11]. They are important regulators of var-
ious intracellular signaling pathways and play critical
roles in regulating gene expression [12]. It has been
found that cardiovascular disease (CVD)-related
genes can be regulated through the interaction of
miRNAs with 3'-untranslated region (UTR) [13-15].
The deregulation of microRNAs has been reported to
promote cardiac hypertrophy, through modulating
genes involved in hypertrophic signaling pathways
[16,17], such as miR-22, miR-29, miR-155, miR-217,
and miR-200c [18-22]. A comprehensive picture of
miRNAs dysregulated in cardiac hypertrophy will be
useful to understand gene regulatory network under-
lying cardiac hypertrophy development.

MiR-27a-3p has been identified as an oncogene
that is frequently dysregulated in various human
cancers [23-26]. In addition, miR-27a-3p has been
reported to be implicated in CVD development,
including myocardial infarction [27]. Recently,
miR-27a-3p is found to be dysregulated in
hypoxia-induced cardiomyocyte injury [27].
However, its expression pattern and functional
role in cardiac hypertrophy are still unclear.

NOVALI (neuro-oncological ventral antigen 1) is
an RNA-binding protein that was first characterized
in neurons [28,29]. NOVAL plays a critical role in
cancer initiation and progression [30-32]. Li, et al.
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reported that NOVAL is a downstream target of
miR-27a-3p and could promote epithelial mesench-
ymal transition (EMT) in gastric cancer [33].
However, its function in cardiac hypertrophy
remains to be characterized.

In this study, we established a mouse model of
cardiac hypertrophy by the infusion of Ang II and an
in vitro cell model based on H9¢2 cells. We aimed to
investigate the expression pattern and functional role
of miR-27a-3p in Ang II-induced cardiac hypertro-
phy, identify the downstream target of miR-27a-3p,
and determine whether the miR-27a-3p/NOVA1 axis
regulates the progression of Ang II-induced cardiac
hypertrophy. According to our results, miR-27a-3p
expression was upregulated in cardiac hypertrophy.
We further demonstrated that miR-27a-3p promoted
cardiac hypertrophy through regulating NOVA1
expression.

Materials and methods
Clinical samples

Altogether a total number of 30 cardiac hypertrophy
cases were enrolled in the present work at The Second
Medical Center of Chinese PLA General Hospital
between January 2019 and December 2020. The 30
patients were diagnosed with tetralogy of Fallot or
trilogy of Fallot by echocardiography, and with an
age span of 38-76 years (average age of 53.5 years),
as well as with clinical sign of cardiac hypertrophy. Of
the 30 patients, 16 were males and 14 were females.
The clinical features of the patents are summarized in
Table 1.

The peripheral blood samples were collected from
the patients and healthy control subjects. Serum was
prepared and stored at —80°C until usage. The study
protocols were approved by the Medical Ethics
Committee of the Second Medical Center of
Chinese PLA General Hospital. The procedures
involving human participants in this study were in
line with the guidelines of Declaration of Helsinki.
All participants signed the informed consent.

Animal model

A total number of 12 Eight-week-old male C57BL/6
mice weighing 20 + 2 g were maintained under a spe-
cific pathogen-free condition with free access to tap
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Table 1. Summary of baseline clinical features, laboratory results and imaging characteristics of study sample.

Control HCM
Variable (n = 30) (n = 30) P Value
Age (years) 56.1+ 1.4 548 £ 1.5 0.550
Male (Female) 15 (15) 17 (13) N/A
Family history of HCM, n (%) 0 2 (6) N/A
Body mass index 203 03 212+ 04 0.091
NYHA class (I/1/111/IV) 0/0/0/0 9/21/0/0 < 0.001
Drugs
ACE inhibitors 0 6 (20) N/A
Antiarrhythmic agents 0 103) N/A
Diuretics, n (%) 0 3 (10) N/A
Aldosterone, n (%) 0 5(17) N/A
B-blockers, n (%) 0 17 (57) N/A
Calcium channel blockers, n (%) 0 10 (33) N/A
Aspirin, n (%) 0 12 (40) N/A
Comorbidities
Hypertension, n (%) 0 0 (0) N/A
Diabetes mellitus, n (%) 0 3 (10) N/A
Chronic kidney disease, n (%) 0 1(3) N/A
COPD 0 103) N/A
Echocardiographic features
Left ventricular ejection fraction (%) 68.7 £ 1.2 69.1 £ 1.2 0.814
Intraventricular septal thickness (mm) 93 +£0.2 174 £ 05 < 0.001
Left ventricular posterior wall thickness (mm) 89 + 0.2 18.1 £ 0.6 < 0.001
Left ventricular outflow tract gradient (mm Hg) 19.7 £ 0.7 846 + 1.7 < 0.001
Plasma brain natriuretic peptide (100 pg/mL) 548 + 2.2 5584 + 247 < 0.001
Heart rate (bpm) 713 £ 1.1 742 £ 1.2 0.083
Systolic blood pressure (mmHg) 1225 + 1.1 1198 £ 1.2 0.092
Diastolic blood pressure (mmHg) 708 + 1.3 69.4 + 1.2 0.418

Mean = SEM; N/A = Not Available

water and regular mice chow pellet. The mice were
randomly assigned to Ang II infusion and sham
group (n = 6 in each group). A cardiac hypertrophic
condition was induced by Ang II infusion (Ang II
dissolved in PBS with 10 umol/L acetic acid) at a dose
of 2.5 pg/kg/minute with a subcutaneously implanted
minipump (model 2002, Alza, Moun tain View, CA,
USA) for 15 days [34]. Mice with PBS infusion served
as the sham group. All the animal procedures fol-
lowed the Guide for the Care and Use of Laboratory
Animals (US and National Institutes of Health). The
animals from each group were euthanized in a CO,
chamber after treatment. Afterward, ventricles were
dissected and used for HE staining and western blot to
check the marker of cardiac hypertrophy. The animal
study protocols were approved by the Medical Ethics
Committee of the Second Medical Center of Chinese
PLA General Hospital.

Cell culture and treatment

Rat heart-derived H9c2 cells were cultured using
DMEM with 10% fetal bovine serum (FBS) and

100IU/mL of penicillin-streptomycin under 37°C
and 5% CO, conditions. H9c2 cells were subjected
to 48 h treatment of 1.0 mmol/L Ang IT or PBS [34].
NOVAI-siRNA, miR-27a-3p inhibitor, miR-27a-3p
mimic and scramble negative controls were pur-
chased from RiboBio Co., Ltd. (Guangzhou, China).
Cell transfection was performed with 100 nM
NOVA1-siRNA, 100 nM miR-150 mimic or inhibitor
using the Lipofectamine 2000 (Invitrogen, Thermo
Fisher Scientific, Inc., Waltham, MA, USA) based on
the manufacturer’s instructions. Experiments were
performed 48 h post-transfection.

RNA extraction and RT-qPCR

Total blood and cellular RNAs were isolated using
Trizol reagent (Invitrogen) according to manufac-
turer’s protocol. The first strand cDNA was synthe-
sized using a First-Strand Synthesis kit (Takara,
Dalian, China), and RT-qPCR was performed using
gene-specific primers and SYBR premix EX TAQ II
kit (RR820A, Takara, Dalian, China), as described
previously [34]. The following PCR conditions were



used: denaturation at 95°C for 10 min and 45 ampli-
fication cycles (denaturation at 95°C for 15 s, anneal-
ing and extension at 60°C for 1 min). RT-qPCR was
performed in a 7500 Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA). The 2-
AACt method was used to analyze the relative
expression level and GAPDH was used as the inter-
nal reference gene.

RT-qPCR primers used in this study: miR-27a-
3p-F: 5-CCGCTCGAGACTGGCTGCTAGGAAG
GTG-3' and miR-27a-3p-R: 5-GCGAATTCTTGCT
GTAGCCTCCTTGTC-3..

GAPDH-F: 5-AGCCAAAAGGGTCATCATCT
-3' and GAPDH-R: 5GGGGCCATCCACAGTCT
TCT-3.

NOVA-1-F: 5-TCAGCAGAACGGGACCCAT
A-3" and NOVA-1-R: 5-GGGGTCAGATGGAGA
GGACT-3'

ANP-F: 5-ACCTGCTAGACCACCTGGAG-3'
and ANP-R: 5-CCTTGGCTGTTATCTTCGGTA
CCGG-3'

B-MHC-F: 5-CGCTACGCTTCCTGGATGAT
-3'and B-MHC-R: 5-TCCGGTGATGAGGATGG
ACT-3'

BNP-F: 5-CGCTGGGAGGTCACTCCTAT-3'
and BNP-R: 5-CTCCAGCAGCTTCTGCATCT-3'

Cell surface area determination

After treatment, cells were fixed by 4% parafor-
maldehyde and permeabilized with 0.1% Triton
X-100 in PBS. After blocking using 5% BSA, the
cells were incubated with anti-a-actinin at
a dilution of 1:100 in 1% goat serum overnight at
4°C, and then incubated with Alexa Fluor ® 594
goat anti-mouse IgG for 1 h at 37°C. Cells were
imaged using a fluorescent microscope at 600x
magnification (Olympus model, Tokyo, Japan)
and Image ] software was adopted for examining
cell surface area by setting a threshold for measur-
ing a-actinin staining signals. 100 cells were ran-
domly selected to measure surface area in three
wells of independent treatment [35].

Western blotting (WB) analysis

Total protein was extracted from tissues or cells
using RIPA lysis buffer containing protease inhibitor
cocktail (Thermo Fisher Scientific 78,429, Waltham,
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MA, USA). Lysed cells were centrifuged at
14,000 rpm for 10 mins and the protein concertation
in the supernatant was quantified by a BCA Protein
assay kit (Beyotime, Shanghai, China). A total of 20
ug protein was used for SDS-PAGE electrophoresis
and transferred onto the PVDF membrane (BioRad,
Irvine, CA, USA). After blocking with 5% skimmed
milk for 1 hour, the membrane was then incubated
with primary antibodies: anti-NOVA1 (ab183024,
rabbit, 1:1000), anti-ANP (PA5-29,559, rabbit,
1:2000), anti-B-MHC (ab170867, rabbit, 1:1000),
anti-BNP  (ab19645, rabbit, 1:1000) and anti-
GAPDH (ab8245, mouse, 1:2000) antibodies
(Abcam, Cambridge, MA, USA) overnight 4°C.
After that, the membranes were washed with TBST
buffer and further incubated at room temperature
with Goat Anti-Rabbit IgG H&L (HRP) (ab6721,
1:2500), or Goat Anti-Mouse IgG H&L (HRP)
(ab205719, 1:2500) (Abcam, Cambridge, MA, USA)
for 90 minutes. The specific protein bands were
developed using an enhanced chemiluminescence
kit (Santa Cruz, TX, USA, sc-2048) and photo-
graphed on a gel imager system (Bio-Rad, Hercules,
CA, United States) [35]. GADPH served as the load-
ing control.

Dual Luciferase reporter assay

To demonstrate the functional interaction between
miR-27a-3p and NOVA1 mRNA, the sequence con-
taining the wild-type binding site in 3'UTR of
NOVAI mRNA or the sequence with mutated bind-
ing site were cloned into the PmirGLO firefly luci-
ferase vector (Promega, CA, USA). The reporter
plasmid and Renilla luciferase (hRlucneo) control
plasmid were co-transfected into cells in the pre-
sence of miR-27a-3p mimic or miR-NC using
Lipofectamine 2000 reagent. 48 h after transfection
the relative luciferase activities were measured using
Dual-Luciferase Reporter Assay Kit (Promega, CA,
USA) on a microplate reader.

Histopathologic analysis

Hematoxylin and Eosin (H&E) Staining was per-
formed using H&E Stain Kit (ab245880, Abcam).
Deparaftinized/hydrated sections of mouse ventri-
cles were incubated in adequate Hematoxylin,
Mayer’s (Lillie’s Modification) to completely
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cover tissue section for 5 mins. The section was
rinsed twice with distilled water and incubated
with adequate Bluing Reagent for 30 secs. After
washing with distilled water, the section was dehy-
drated in absolute alcohol, followed by staining
with Eosin Y Solution to completely cover tissue
for 2-3 mins. The section was rinsed using abso-
lute ethanol for three times and then mounted to
a slide, and the images were collected under an
inverse microscope [35].

Statistical analysis

GraphPad Prism 8.0 Software (GraphPad
Software, Inc.) was utilized for statistical analysis.
The statistical difference between two groups was
compared using unpaired Student’s ¢ test. Multiple
group comparisons were detected using analysis of
variance (ANOVA) with Tukey’s post hoc test for
pairwise comparison. All the experiments were
repeated three times. The significance level was
set at P < 0.05.

Results

In this study, to investigate the expression and
functional role of miR-27a-3p in cardiac hyper-
trophy, we established a mouse model of car-
diac hypertrophy by the infusion of Ang II and
an in vitro cell model based on H9c2 cells.

SN
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Relative miR-27a-3P expression
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Based on our results, miR-27a-3p expression
was upregulated in the animal and cell model
of cardiac hypertrophy. We further demon-

strated that miR-27a-3p promoted cardiac
hypertrophy through regulating NOVAI
expression.

MiR-27a-3p expression is upregulated in
peripheral blood samples of cardiac hypertrophy
patients

We first performed RT-qPCR analysis for miR-
27a-3p expression level in the peripheral blood
samples of 30 cardiac hypertrophy patients and
30 healthy controls. The patients showed different
degrees of heart malfunction according to
New York Heart Association (NYHA) Functional
Classification, as well as clinical signs of cardiac
hypertrophy detected by Echocardiography
(Table 1). miR-27a-3p expression levels were sig-
nificantly elevated in blood samples of cardiac
hypertrophy patients as compared to healthy con-
trols (Figure la). ROC curve analysis showed that
the area under ROC curve (AUC) is greater than
0.8, indicating that miR-27a-3p level could serve as
good indicator for the diagnosis of cardiac hyper-
trophy (Figure 1b). These results suggest that miR-
27a-3p upregulation in peripheral blood could be
used as a potential diagnostic factor for cardiac
hypertrophy.
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Figure 1. MiR-27a-3p is upregulated in peripheral blood samples of patients with cardiac hypertrophy. (a) RT-gPCR analysis
of miR-27a-3p level in the peripheral blood samples of 30 patients with cardiac hypertrophy and 30 healthy controls. GAPDH was
used as the housekeeping gene for normalization in all the following experiment. (b) AUC curve analysis of the predictability of miR-
27a-3p in diagnosis of cardiac hypertrophy in blood samples. ***P < 0.001.



MiR-27a-3p upregulation in mouse model of
angii-induced cardiac hypertrophy

We next examined miR-27a-3p level in a mouse
model of Angll-induced hypertrophy. Ang II-infu-
sion caused significant sign of cardiac hypertrophy,
as revealed by the enlargement of the cardiac fiber by
H&E staining, as well as the increased heart weight
(Figure 2a). We examined the expression of hyper-
trophic marker genes, including ANP (Atrial
Natriuretic Peptide), BNP (Natriuretic Peptide B)
and f-MHC (p-Myosin Heavy Chain) [36]. The
results showed that the expression of ANP, BNP
and B-MHC was significantly upregulated in
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ventricle samples of Ang II-infused mice, indicating
the induction of cardiac hypertrophy by Ang II
infusion (Figure 2b). Consistently, miR-27a-3p level
within peripheral blood of mice after 15 days of Ang
II-infusion significantly increased relative to sham
control (Figure 2c). Moreover, we also established an
in vitro cell model by treating H9c2 cells with Ang II.
ANP, BNP and 3-MHC expression were significantly
upregulated at both protein and mRNA levels in
H9c2 cells after Ang II treatment (Figure 2d). In
this cell model, we also confirmed that Ang II treat-
ment induced a significant increase of miR-27a-3p
expression (Figure 2e).
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Figure 2. MiR-27a-3p is upregulated in Ang ll-induced cardiac hypertrophy model. (a) H&E staining of the ventricular sections in sham
and Ang ll-infused mouse. Scale bar: 200 pm. The measurement of heart weight/body weight was shown in the right panel (n = 6 mice in
each group). (b) Western blot analysis of hypertrophic markers: atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP), B-myosin
heavy polypeptide (MHC) in ventricles samples of sham and Ang-ll treated mouse. The results of 3 independent samples of each condition
were analyzed. (c) MiR-27a-3p expression analysis by RT-qPCR in blood sample of mouse with sham or Ang Il treatment (n = 6 mice in each
group). (d) gRT-PCR analysis of the expression of hypertrophic markers: atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP),3-
myosin heavy polypeptide (MHC) in H9¢2 cells after Ang Il treatment. (e) miR-27a-3p expression in H9c2 cells after Ang Il treatment for 48 h.
n = 3 independent experiments in (D) and (E). **P < 0.01, ***P < 0.001.
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Inhibiting MiR-27a-3p Attenuates Cardiac
Hypertrophy caused by Ang Ii

We next sought to validate the role of miR-27a-3p
in Cardiac Hypertrophy. We transfected miR-27a-
3p inhibitor into H9¢2 cells and RT-qPCR analysis
confirmed that the transfection of inhibitor sup-
pressed miR-27a-3p expression (Figure 3a). In
addition, we assessed whether miR-27a-3p inhibi-
tion attenuated the expression of cardiac hypertro-
phy marker genes. RT-qPCR analysis showed that
the upregulation of, BNP and 3-MHC induced by
Ang II was significantly suppressed by miR-27a-3p
inhibition (Figure 3b, c¢). Furthermore, H9¢c2 cell
surface area was determined by a-actinin staining,
and the results showed that Ang II treatment for
48 h substantially increased cell surface area,
which was inhibited by miR-27a-3p inhibitor
(Figure 3d). These data suggest that miR-27a-3p
upregulation contributed to cardiac hypertrophy
in H9¢2 cells.

NOVAT1 is a target of miR-27a-3p in cardiac
hypertrophy

Since miR-27a-3p showed an important role in car-
diac hypertrophy, we further used TargetScan
(http://www.targetscan.org/) to predict the down-
stream target mRNAs of miR-27a-3p. Based on the
prediction, binding site between the 3-UTR of
NOVAI mRNA and miR-27a-3p sequence was
shown at 994-1001 (Figure 4a). We next performed
dual-luciferase reporter assay to confirm their inter-
action. The results showed that the activity of
NOVAl 3'UTR-WT reporter was significantly
inhibited by miR-27a-3p mimic, while no effect
was observed when the binding sequence was
mutated (Figure 4b). These data hinted that miR-
27a-3p specifically bind to the 3-UTR of NOVALI
mRNA. Furthermore, we performed RT-qPCR and
Western blot to investigate how miR-27a-3p over-
expression or inhibition regulates NOVA1 mRNA
and protein expression. The transfection of miR-
27a-3p mimic remarkably reduced NOVALI protein
and mRNA levels (Figure 4c), while miR-27a-3p
inhibitor increased NOVALI expression (Figure 4d).
Meanwhile, we examined NOVAL levels in the ven-
tricular tissues of animal model as well as in cells
treated with Ang II. We found that NOVA1 level in

the ventricular tissues of Ang II-infused mice and
Ang Il-treated H9c2 cells showed a significant
decrease compared with controls (Figure 4e, F).
Therefore, NOVA1 is a target of miR-27a-3p
involved in cardiac hypertrophy regulation.

MiR-27a-3p enhances cardiac hypertrophy
partially through targeting NOVA1

To further corroborate the role of miR-27a-3p/
NOVAL axis in cardiac hypertrophy, we treated
H9c2 cells with Ang II, in the presence of miR-27a-
3p inhibitor and NOVALI siRNA. Western blot ana-
lysis revealed that Ang II reduced NOVA1 protein
level, which was partially rescued by miR-27a-3p
inhibitor and NOVAL1 siRNA abrogated the rescue
effect (Figure 5a). We then examined the expression
of hypertrophic markers (-MHCand BNP) at pro-
tein and mRNA level. The induction of hypertrophic
markers by Ang II was largely suppressed by miR-
27a-3p inhibitor, and NOVALI silencing partially
counteracted the suppression effect (Figure 5b, c).
Similarly, silencing NOVAL1 partially abrogated the
rescue effect of miR-27a-3p inhibitor on cell surface
enlargement (Figure 5d). These results altogether
support that miR-27a-3p/NOV A1 axis mediates car-
diac hypertrophy in H9¢2 cells.

Discussion

Cardiac hypertrophy is a common response to
chronic and acute cardiac injury, which could even-
tually leads to ventricular hypertrophy, dilation, and
heart failure [37]. In the past years, accumulating
evidence indicates that miRNAs contributes to the
pathological progression of cardiac hypertrophy.
miR-208a overexpression has been reported to
cause the upregulation of hypertrophy gene and
increase the cell size [38]. Another study reported
that aberrant expression of miR-29a can promote
cardiac hypertrophy through targeting hypertrophic
signaling pathways [16,17]. These results indicate
that the deregulation of miRNAs plays critical roles
in cardiac hypertrophy progression.

In this study, we examined the expression and
role of miR-27-3p in clinical samples, animal
model and cell model of cardiac hypertrophy.
miR-27a-3p expression is remarkably increased in


http://www.targetscan.org/

BIOENGINEERED 8989

a b mm  control

s mm Angll

@ 45, mm Ang |l+miR-27a-3p inhibitor

g § 5

S @ B

o 1 0- g 4' kkk

o ’ o T kA *kk

R X = wkx

& 85

o 0.5 - =

x nE: 2

IS

2 0.0 2 1

3 NC inhibitor miR-27a-3p =

i inhibitor T ANP BNP  B-MHC
Cc Il control

ElANg Il
Bl Ang |1+miR-27a-3p inhibitor

*kk
*kk

ANP  — S <

BNP —————— S —m—

B-MHC e S e

GAPDH R R

Relative protein expression

ANP BNP B-MHC
S 37 - *
>
5
o
[O] 21
©
=
>
LT
©
@)
0e \\
» \
<O
o e i
e
P
N
control Ang I Ang lI+miR-27a-3p ?S\Q &

inhibitor

Figure 3. miR-27a-3p inhibition suppresses Ang ll-induced cardiac hypertrophy. (a) miR-27a-3p expression level in H9¢c2 cells
after the transfection of miR-27a-3p inhibitor. n = 3 independent experiments. (b), B-MHC and BNP mRNA levels were detected using
RT-gPCR in H9¢2 cells. n = 3 independent experiments. (c) Western blotting analysis of the protein levels of, B-MHC and BNP in H9¢2
cells with indicated treatment. Relative level of the target proteins was normalized to GAPDH level. n = 3 independent experiments.
(d) a-actinin immunofluorescence staining and cell surface area determination. Scale bar: 20 um. n = 3 independent experiments.,
each with the measurement of 100 cells. *P < 0.05, **P < 0.01, ***P < 0.001.

clinical peripheral blood from cardiac hypertrophy  of cell surface area in H9c2 cells. These data sug-
patients, as well as in the animal model and cell  gest the potential contribution miR-27-3p to the
model. Inhibition of miR-27a-3p can reduce Ang  progression of cardiac hypertrophy. These findings
II-induced upregulation of hypertrophic markers  were consistent with the reported role of miR-27a-
(B-MHC and BNP), and also alleviates the increase ~ 3p in other cardiovascular disorder [27].
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transfected with miR-27a-3p mimic was measured through RT-qPCR and WB assay. n = 3 independent experiments. (d) NOVAT level
in H9c2 cells transfected with miR-27a-3p inhibitor was measured through RT-qPCR and WB assays. Protein band density of the
target proteins were normalized to GAPDH and expressed as fold change. n = 3 independent experiments. (e,f) NOVAT mRNA levels
in the blood samples of Ang Il infusion mice and Ang ll-treated H9c2 cells were measured by RT-gPCR. n = 3 independent

experiments. **P < 0.01, ***P < 0.001.

We further demonstrated that NOVAIL is
a potential miR-27a-3p target gene. In this study,
we found that there was a binding site for miR-
27a-3p at the 3-UTR of NOVAL. Although
a previous study has shown that NOVAL is impli-
cated in gastric cancer (GC) progression via inter-
acting with miR-27a-3p [33], there is no report
regarding the role of NOVAl on cardiac

hypertrophy. We confirmed their interaction by
dual-luciferase reporter assay and demonstrated
that NOVAL1 expression level could be negatively
regulated by miR-27a-3p expression. In addition,
in both animal model and cell model of cardiac
hypertrophy, we showed the reduced expression of
NOVAL These results suggested novel functions
of NOVALI in regulating cardiovascular cells.
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Figure 5. MiR-27a-3p enhances cardiac hypertrophy partially through targeting NOVA1. (a). Ang ll-treated H9c2 cells were
transfected with miR-27a-3p inhibitor or miR-27a-3p inhibitor +NOVA1 siRNA. Western blot was performed to examine NOVA1
protein levels. n = 3 independent experiments. (b) RT-gPCR analysis of mRNA levels of, B-MHC and BNP in H9c2 cells with above
treatment. n = 3 independent experiments. (c) Western blot analysis of, B-MHC and BNP in H9c2 cells with above treatment. n = 3
independent experiments. For Western blot, protein bands of target proteins were normalized to GAPDH and expressed as fold
change. (d) Cell surface area analysis in H9c2 cells with above treatment. n = 3 independent experiments, each with the

measurement of 100 cells. **P < 0.01, ***P < 0.001.

Previous studies mainly focused on the roles of
miR-27a-3p in cancer progression. MiR-27a-3p
upregulation has been identified in a variety of
human cancers, and miR-27a-3p modulates can-
cer progression by targeting multiple targets
including NOVAIL, FBXW7 and BTG2

[23,24,26]. MiR-27a-3p regulates the expression
of NOVAI to control epithelial-mesenchymal
transition in gastric cancer [33]. Since NOVA1
is mainly investigated as a regulator in neuron
cells [29], future work needs to further character-
ize the functional mechanisms by which NOVA1
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regulates tumorigenesis and the function of car-
diovascular cells.

Conclusion

In summary, we reported that miR-27a-3p is upre-
gulated in patients of cardiac hypertrophy and in
Ang II-induced models of cardiac hypertrophy.
Inhibiting miR-27a-3p alleviates cardiac hypertro-
phy phenotype induced by Ang II. Additionally, our
work corroborated the contribution of miR-27a-3p/
NOVAL axis to cardiac hypertrophy phenotype.
These results suggest that miR-27a-3p upregulation
may serve as a diagnostic marker for cardiac hyper-
trophy, and miR-27a-3p upregulation promotes car-
diac hypertrophy by targeting NOVAL.

Acknowledgements

There is no financial support in this study.

Author contributions

Yongyi Bai and Dongyun Li Participated in study design, data
collection and evaluation, manuscript drafting and statistical
analysis. Mingzhi Shen contributed extensively in data inter-
pretation. Xinxin Deng and Mingzhi Shen conducted the
experiments. All authors performed editing and approved
the final version of the manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The work was supported by the Project of the National
Ministry of Industry and Information Technology (2020-
0103-3-1) and the Nature Science Foundation of China
(811008738)

References

[1] Maillet M, van Berlo JH, Molkentin JD. Molecular
basis of physiological heart growth: fundamental con-
cepts and new players. Nat Rev Mol Cell Biol. 2013;14
(1):38-48.

[2] Lee LC, Zhihong Z, Hinson A, et al. Reduction in left
ventricular wall stress and improvement in function in
failing hearts using Algisyl-LVR. J Vis Exp. 2013;8
(74):50096.

(10]
(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

Nakamura M, Sadoshima J. Mechanisms of physiolo-
gical and pathological cardiac hypertrophy. Nat Rev
Cardiol. 2018;15(7):387-407.

Chung E, Leinwand LA. Pregnancy as a cardiac stress
model. Cardiovasc Res. 2014;101(4):561-570.

Ellison GM, Waring CD, Vicinanza C, et al
Physiological cardiac remodelling in response to
endurance exercise training: cellular and molecular
mechanisms. Heart. 2012;98(1):5-10.

Hirt MN, Sérensen NA, Bartholdt LM, et al. Increased
afterload induces pathological cardiac hypertrophy:
a new in vitro model. Basic Res Cardiol. 2012;107
(6):012-0307.

Heineke J, Molkentin JD. Regulation of cardiac hyper-
trophy by intracellular signalling pathways. Nat Rev
Mol Cell Biol. 2006;7(8):589-600.

Kannel WB, Dannenberg AL, Levy D. Population
implications of electrocardiographic left ventricular
hypertrophy. Am J Cardiol. 1987;60(17):0002-9149.
Vishnoi A, Rani S. MiRNA biogenesis and regulation
of diseases: An overview. Methods Mol Biol
2017;1509:6524-6523_6521.

Bartel DP. MicroRNAs: genomics, biogenesis, mechan-
ism, and function. Cell. 2004;116(2):281-297.

Mohr AM, Mott JL. Overview of microRNA biology.
Semin Liver Dis. 2015;35(1):3-11.

Fabian MR, Sonenberg N, Filipowicz W. Regulation of
mRNA translation and stability by microRNAs. Annu
Rev Biochem. 2010;79:351-379.

Creemers EE, van Rooij E. Function and therapeutic
potential of noncoding RNAs in cardiac fibrosis. Circ
Res. 2016;118(1):108-118.

Wang J, Liew OW, Richards AM, et al. Overview of
MicroRNAs in cardiac hypertrophy, fibrosis, and
apoptosis. Int ] Mol Sci. 2016;17(5):749.
Wojciechowska A, Braniewska A, Kozar-Kaminska K.
MicroRNA in cardiovascular biology and disease. Adv
Clin Exp Med. 2017;26(5):865-874.

LiY, Liang Y, Zhu Y, et al. Noncoding RNAs in cardiac
hypertrophy. ] Cardiovasc Transl Res. 2018;11
(6):439-4409.

Roncarati R, Viviani Anselmi C, Losi MA, et al. Circulating
miR-29a, among other up-regulated microRNAs, is the
only biomarker for both hypertrophy and fibrosis in
patients with hypertrophic cardiomyopathy. ] Am Coll
Cardiol. 2014;63(9):920-927.

Yang Y, Zhou Y, Cao Z, et al. miR-155 functions
downstream of angiotensin II receptor subtype 1 and
calcineurin to regulate cardiac hypertrophy. Exp Ther
Med. 2016;12(3):1556-1562.

TuY,Wan L, BuL, et al. MicroRNA-22 downregulation by
atorvastatin in a mouse model of cardiac hypertrophy:
a new mechanism for antihypertrophic intervention. Cell
Physiol Biochem. 2013;31(6):997-1008.

Nie X, Fan J, Li H, et al. miR-217 promotes cardiac
hypertrophy and dysfunction by targeting PTEN. Mol
Ther Nucleic Acids. 2018;12:254-266.



(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

Sassi Y, Avramopoulos P, Ramanujam D, et al. Cardiac
myocyte miR-29 promotes pathological remodeling of
the heart by activating Wnt signaling. Nat Commun.
2017;8(1):017-01737.

Hu S, Cheng M, Guo X, et al. Down-regulation of
miR-200c attenuates Angll-induced cardiac hypertro-
phy via targeting the MLCK-mediated pathway. J Cell
Mol Med. 2019;23(4):2505-2516.

Wu XZ, Wang KP, Song H]J, et al. MiR-27a-3p promotes
esophageal cancer cell proliferation via F-box and WD
repeat domain-containing 7 (FBXW?7) suppression.
Int J Clin Exp Med. 2015;8(9):15556-15562.

Zhou L, Liang X, Zhang L, et al. MiR-27a-3p functions
as an oncogene in gastric cancer by targeting BTG2.
Oncotarget. 2016;7(32):51943-51954.

Liang J, Tang J, Shi H, et al. miR-27a-3p targeting
RXRa promotes colorectal cancer progression by acti-
vating Wnt/p-catenin pathway. Oncotarget. 2017;8
(47):82991-83008.

Su C, Huang DP, Liu JW, et al. miR-27a-3p regulates
proliferation and apoptosis of colon cancer cells by
potentially targeting BTGI. Oncol Lett. 2019;18
(3):2825-2834.

Yang G, Lin C. Long noncoding RNA SOX2-OT
Exacerbates hypoxia-induced cardiomyocytes injury
by regulating miR-27a-3p/TGFPR1 axis. Cardiovasc
Ther. 2020;6(2016259):1-11.

Villate O, Turatsinze JV, Mascali LG, et al. Noval is
a master regulator of alternative splicing in pancreatic
beta cells. Nucleic Acids Res. 2014;42(18):
11818-11830.

Storchel PH, Thiimmler J, Siegel G, et al. A large-scale
functional screen identifies Noval and Ncoa3 as reg-
ulators of neuronal miRNA function. Embo J. 2015;34
(17):2237-2254.

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

BIOENGINEERED 8993

Yoon SO, Kim EK, Lee M, et al. NOVAL1 inhibition by
miR-146b-5p in the remnant tissue microenvironment
defines occult residual disease after gastric cancer
removal. Oncotarget. 2016;7(3):2475-2495.

Shen B, Zhang Y, Yu S, et al. MicroRNA-339, an
epigenetic modulating target is involved in human
gastric carcinogenesis through targeting NOVAL
FEBS Lett. 2015;589(20 Pt B):3205-3211.

Kim EK, Yoon SO, Kim SH, et al. Upregulated
neuro-oncological ventral antigen 1 (NOVA1) expression
is specific to mature and immature T- and NK-Cell
lymphomas. J Pathol Transl Med. 2016;50(2):104-112.

Li K, Zhu X, Chen X, et al. MicroRNA-27a-3p pro-
motes epithelial-mesenchymal transition by targeting
NOVA alternative splicing regulator 1 in gastric can-
cer. Mol Med Rep. 2020;21(3):1615-1622.

Wo Y, Guo J, Li P, et al. Long non-coding RNA CHRF
facilitates cardiac hypertrophy through regulating Akt3
via miR-93. Cardiovasc Pathol. 2018;35:29-36.

Li Y, Shao J, Shen K, et al. E2F1-dependent pathways
are involved in amonafide analogue 7-d-induced
DNA damage, G2/M arrest, and apoptosis in
p53-deficient K562 cells. J Cell Biochem. 2012;113
(10):3165-3177.

Wang K, Liu F, Zhou LY, et al. The long noncoding
RNA CHREF regulates cardiac hypertrophy by targeting
miR-489. Circ Res. 2014;114(9):1377-1388.

Okwuosa TM, Soliman EZ, Lopez F, et al. Left ventri-
cular hypertrophy and cardiovascular disease risk pre-
diction and reclassification in blacks and whites: The
atherosclerosis risk in communities study. Am Heart J.
2015;169(1):155-161.

van Rooij E, Sutherland LB, Qi X, et al. Control of
stress-dependent cardiac growth and gene expression
by a microRNA. Science. 2007;316(5824):575-579.



	Abstract
	Introduction
	Materials and methods
	Clinical samples
	Animal model
	Cell culture and treatment
	RNA extraction and RT-qPCR
	Cell surface area determination
	Western blotting (WB) analysis
	Dual Luciferase reporter assay
	Histopathologic analysis
	Statistical analysis

	Results
	MiR-27a-3p expression is upregulated in peripheral blood samples of cardiac hypertrophy patients
	MiR-27a-3p upregulation in mouse model of angii-induced cardiac hypertrophy
	Inhibiting MiR-27a-3p Attenuates Cardiac Hypertrophy caused by Ang II
	NOVA1 is atarget of miR-27a-3p in cardiac hypertrophy
	MiR-27a-3p enhances cardiac hypertrophy partially through targeting NOVA1

	Discussion
	Conclusion
	Acknowledgements
	Author contributions
	Disclosure statement
	Funding
	References

