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Abstract

Heart often undergoes mal-remodeling and hypertrophic growth in response to pathological sftéss. MIRNAS can regulate the
cardiac function and participate in the regulation of cardiac hypertrophy. The present studydims at identifying the role of miR-
296-5p in cardiac hypertrophy and further the underlying mechanism in hypertrophic caseades. Mice with cardiac hypertrophy
were established by transverse aortic constriction (TAC). Cardiac hypertrophy in cardiomyocytes,was induced by angiotensin II.
Expression of miR-296-5p and its target gene CACNG6 was examined in cardiomyécytes transfected by miRNA. The expression
of miR-296-5p was upregulated in mice with TAC surgery. The inhibition of miR=296=5ppattenuated cardiac hypertrophy both
in vitro and in vivo. And dual-luciferase reporter assays showed CACNG6 was the direet target of miR-296-5p, which modulated
the expression of calcium signaling. MiR-296-5p was found to aggravate\cardiac hypertrophy by targeting CACNG6, which

suggests inhibition of miR-296-5p might have clinical potential to suppress ‘cardiac hypertrophy and heart failure.

Introduction

Heart often undergoes mal-remodeling and hypertrophic
growth in response to pathological stress [1]. Hypertrophy is.a
process which is characterized by the elevation of the,size of
cardiomyocyte with cell number unchapged [2]. Prolonged
cardiac hypertrophy is one of the causes\of heart)failure and
sudden death [3]. It was suggested thathmolecular events
controlling heart development shotildsbe redeployed to control
hypertrophic growth. Cardiac hypettrophy'is always involved
in the alteration of cardiagfetal genes such as brain natriuretic
peptide (BNP), B myesin, heavypchain (f-MHC) and others
that encode atrial ndtriuretic peptide. Besides the upregulation
of fetal genes,g#pathelogical fhypertrophy is also associated
with increased fibrosis,dand reduction of cardiac dysfunction
[4]. Howeéves, the molecular mechanism of cardiac hyper-
trophy 1s notfully understood.

MictoRNAsH(iRNAs) are a class of small noncoding
RNA s/ that,can legate messenger RNAs (mRNAs) at partially
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cemplementary binding sites, and hence regulate the rate of
protein synthesis by altering the stability of the targeted
mRNASs [5]. They can negatively regulate posttranscriptional
gene expression. Increasing evidences have demonstrated that
miRNAs participate in the modulation of cell differentiation,
apoptosis, development, and proliferation [6]. MiRNAs can
regulate cardiac function including electric signals conduc-
tion, myocardial contraction, heart growth, and morphogen-
esis [7-9]. They can also participate in the regulation of
cardiac hypertrophy. However, the roles of miRNAs in car-
diac hypertrophy and remodeling are not yet clear.

Growing evidences have showed miR-212/132, miR-22,
miR-208a, miR-27b, and miR-378 are involved in cardiac
hypertrophy development. Genetic studies have revealed
that miR-296-5p has been involved in the progression
of glioblastoma, lung cancer, and other malignant tumors
[10-12]. In cardiovascular disease, microarray analysis in
the failing heart showed the upregulation of miR-296-5p at
both 5 and 28 days in the failing hearts of mice [13].

Our research has previously detected the expression of
miR-296-5p in cardiac hypertrophy. It was upregulated in
mice with transverse aortic constriction (TAC) induced
cardiac hypertrophy. Therefore, further investigation on
function of miR-296-5p in cardiac hypertrophy is necessary
for better understanding the regulation of cardiac home-
ostasis. In the present study, we aim to elucidate the role of
miR-296-5p in cardiac hypertrophy, thus, it is necessary to
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identify the potential regulation of miR-296-5p in cardiac
hypertrophy along with the underlying mechanism.

Materials and methods
Transverse aortic constriction

TAC procedure was performed on male C57BL/6 mice
obtained from Beijing Vital River laboratory animal center.
Sixty mice weighing 25-30 g (8 weeks) were anesthetized
with isoflurane and subjected to thoracotomy. The aorta was
dissected and tied with a 7-0 silk thread around the vessel
using a 26-gauge needle to ensure consistent occlusion.
Mice in sham group underwent thoracotomy and aortic
dissection without constriction of the aorta. TAC was
validated with significant increase in the ratio of heart
weight-to-tibial length (HW/TL) and changes in echo-
cardiography. Approximately 2% mice could not survive
after the TAC surgery because of the bleeding complication.
All the animal procedures were performed in accordance
with the guidelines of Capital Medical University Animal
Care and Use Committee.

Cardiomyocyte culture and transfections

Neonatal mouse cardiomyocytes were isolated fromythe
heart of newborn C57BL6 mice (1-2 day old). After the
thoracotomy, the heart popped out, and wash quickly
excised. The ventricles were isolated and tradsferred into
cold Hank’s balanced salt solution (HBSS)\without Ca’*
and Mngr (Gibco, Invitrogen, Carlsbad, CA). The tissue
was dispersed in a series of incubatiops at 37°€ in HBSS
containing 1.2mg/ml pancreatin and %0.14,mg/ml col-
lagenase. After centrifugation, ¢ells, were resuspended in
Dulbecco’s modified Eagle’s medium<(Gibco) containing
10% fetal bovine serum(Gibco) Supplemented with anti-
biotics (penicillin, stréptomyein;,Gibco). Cells were cul-
tured at 37 °C in hdmidifiedyatmosphere of 95% air and 5%
CO,. For experiments, the eells were plated in a six-well
plate at a density of 2x.10° cells per well. After 24 h of
culturinggthe, cells were transducted with ad-anti-miR-296-
5p and ad=8i-NC [(GenePharma) at 2 x 10° viral particles/
ml#2h after tpansduction, the cultures were replaced with
Seruny free;medium for additional 48 h in the 1 uM angio-
tensinplI (ang II, Sigma, USA).

Quantitative real-time PCR (qRT-PCR)
Total RNA from heart tissue or cardiomyocytes cultures
was extracted according to the Trizol (Invitrogen) instruc-

tions. The concentration and purity of RNA were detected
using the ultramicrospectrophotometer (NanoDrop, thermo,
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USA). For reverse transcription, the sample of RNA was
reversely transcribed to cDNA, with a total system of 20 pl.
Reverse transcription was performed at 25 °C for 5 min,
50°C for 45min, and followed by inactivation of the
reverse transcriptase at 85 °C for 5 min. The cDNA was
synthesized and analyzed by qRT-PCR, and the qRT-PCR
was conducted referring to the instruction of SYBR" Premix
Ex Taq™ 1I reagent kit (Takara, Dalian, China). The
mRNA level of target genes was normalized£to\p-actin
genes. The gene expression levels of ANP, BNP¥and -
MHC in cardiomyocytes treated by angiotensin 1l ywere
determined by real-time quantitative RT-PER using g-AACt
method. The mRNA expression of CACNG6Were also
detected in cardiomyocytes transfected with/ad-anti-miR-
296-5p. The expression levels of mRNA' were analyzed
with six replicates from threctindependent experiments.

3’-UTR luciferase reporter assays

TargetScan was, used_to predict potential targets of miR-
296-5p. The luciférase assays were then performed to fur-
ther confism the relationship of miR-296-5p and CACNG6
in cardiomyocytes. The vector for overexpression of
CACNG6 (3'-UTR was purchased from GenePharma.
HEK?293 cells were transfected with the full-length 3’-UTR
of CACNG6 downstream of renilla luciferase gene in the
piesence of either miR-296-5p mimic or control miRNA
mimic and co-transfected with a pGL3-Basic control plas-
mid (firefly luciferase) to generate pGL3-basic- CACNG6
3'-UTR-WT. A seed sequence transversion mutated version
of the CACNG®6 3’-UTR, named pGL3-basic- CACNG6 3'-
UTRMut, was constructed as a control. Twenty-four hours
after transfection, the cell lysates were collected and
sequentially used for the detection of luciferase activity. The
luciferase activity was measured with a Luciferase Reporter
Assay System (Promega) and normalized to the activity of
the Renilla luciferase gene.

Adenovirus application on TAC models

Mice were randomly divided into different groups. The
transduction of ad-anti-miR-296-5p or ad-anti-NC was con-
ducted in mice with injection in the heart 1 week before TAC
operation (3.5 x 107 viral particles). Two skilled technicians
were blind to the grouping and performed the injection.
After 4 weeks, the hearts were collected and the left ventricle
was rapidly frozen in liquid nitrogen and stored at —80 °C for
subsequent experiments.

Echocardiography in mice

Echocardiography was performed using a Visualsonics
Vevo 2100 (Visualsonics) ultrasound system with a 40-MHz



Inhibition of miR-296-5p protects the heart from cardiac hypertrophy by targeting CACNG6

transducer. The left ventricular end-systolic diameter
(LVESD) and left ventricular end-diastolic pressure (LVEDP)
were measured. Percentage of left ventricular fractional
shortening (LVFS) and left ventricular ejection fraction
(LVEF) was calculated according to the System. The para-
meters were analyzed from at least three cardiac cycles. Data
were collected from six mice in each group.

Immunostaining

Cells for immunostaining were fixed with 4% paraf-
ormaldehyde for 20 min and permeabilized with 0.5% Tri-
ton X-100 for 15 min, and then blocked with 3% BSA for
30 min. Cells were incubated with the indicated primary
antibody (a-SMA, Abcam, Cambridge, England) at 4 °C
overnight. After wash for three times, the blots were
incubated with Alexa Fluor-labled secondary antibody
(Invitrogen, CA, USA) for 2 h followed with DAPI staining
for another 10 min (Olympus, Japan).

Histology assay

Heart samples from mice were collected at 4 weeks after
TAC. The specimen were fixed with 4% paraformaldehyde
and embedded in paraffin and cut into 5 pm in thickness
sections and stained with hematoxylin & eosin following
the instructions.

Western blot analysis

Samples were lysed in RIPA lysis buffer containingdEDTA-
free protease inhibitor cocktail (Roche)”on ice for 30 min
and centrifuged at 12,000xg for\ 15miny at 4°C.
The supernatants were collected and stored at #80 °C. The
protein concentrations were meagaged using the BCA Pro-
tein Assay Kit (Beyotime) according te the manufacturer’s
protocol. The tissue or cell'extracts,were subjected to SDS-
PAGE and western blét analysissProteins blotted on PVDF
membranes weregincubated, with the following primary
antibodies overhight at 4 °C: CACNG6 (abcam; 1:1000,
ab30966), psPLN (abeam, 1:2000, ab15000), PLN (abcam,
1:2000, ab2865), RyR2 (abcam, 1:2000, ab2868), SERCA2
(abcam; 1:2000; ab2861), p-actin (Sigma, 1:1000, A3854).
Dortkey, anti<metise (1:5000) or goat anti-rabbit (1:5000)
Secondanypantibodies (BBI life science D110085, D110058)
were utilized. The protein bands were visualized using the
chemiluminescence Imaging System (Tannon). Blots were
analyzed from three biological replicates.

Statistical analysis

All data are presented as the mean =+ standard deviation (SD)
for at least three repeated individual experiments and were

analyzed using GraphPad Prism™, version 5.00 software
(GraphPad, La Jolla, CA, USA). Statistical significance was
then determined with an unpaired two-tailed Student’s 7 test
(for two groups). A value of P<0.05 was considered
statistically significant.

Results

Upregulation of miR-296-5p were identifiediin the
myocardium from mice undergoing TAC

This phenomenon was also configfied* in cardiomyocytes
treated with angiotensin II. It [displayed larger size in
cardiomyocytes with ang Ildtreatment than normal cells
(Fig. 1a). The levels of ANP,"BNP, and B-MHC are always
used to evaluate the @€xtent ofimyocardial hypertrophy,
Their level in the Ang II'treatment group were identified to
be elevated (Figggbb). The HE staining revealed a sig-
nificant larger’sizejin the TAC treated heart than that in
sham group (Fig. 1¢). Moreover, echocardiographic
parametess, of the micCe including LVEDP, LVFS, LVEF,
LVESD were evaluated with an ultrasound system, which
further indicated that the cardiac function of the mice
Subjected t6 TAC was impaired (Fig. 1d, e). In order to
detect the expression level of miR-296-5p in cardiac tis-
sues/of mice with cardiac hypertrophy, we measured their
levels using TagMan quantitative PCR in the tissues from
left ventricles of mice with cardiac hypertrophy and sham.
MiR-296-5p expression was upregulated in myocardium
with cardiac hypertrophy compared with sham which is in
consistence with the ratio of HW/TL (Fig. 1f, g). Simi-
larly, the miR-296-5p expression was upregulated in car-
diomyocytes with ang II treatment than normal cells
(Fig. 1h).

Inhibition of miR-296-5p suppressed cardiac
hypertrophy both in vitro and in vivo

To identify whether inhibition of miR-296-5p protects
cardiomyocytes from stimuli-induced hypertrophy, cardio-
myocytes were transducted with adenovirus vector con-
taining anti-miR-296-5p. To detect the efficient of the
adenovirus, we evaluate the expression of miR-296-5p in
each group and the results indicated that adenovirus of anti-
miR-296-5p significantly downregulated the expression of
miR-296-5p both in vivo and in vitro in comparison with
that in anti-NC group (Fig. 2a, b). In response to Ang II, the
average cardiomyocytes size was decreased in anti-miR-
296-5p group compare with anti-NC group, suggesting that
inhibition of miR-296-5p restored cardiomyocyte pheno-
type under stimulation of Ang II (Fig. 2d). Moreover,
inhibition of miRNA-296-5p significantly reduced the
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Fig. 1 MiR-296-5p was upregulated in cardiomyocytes and myo-
cardium subjected to Ang II and TAC treatment, respectively.
a Immunostaining of «-SMA was used to evaluate thedSize Jof
cardiomyocyte subjected to Ang II treatment or not. b The, levels)of
myocardial hypertrophy biomarker ANP, BNP, and\$-MHC “are
detected using qPCR. ¢ Hematoxylin and eosin staifiing of,the heart

expression level of ANP, BNP, and 3-MHC compared with
that in anti-NC group (Fig. 2g) in consisténce with the ratio
of HW/TL (Fig. 2h).

To elucidate whether inhibitign_of miR-296-5p could
decrease cardiac hypertwéphy in vivo, mice were injected
with ad-anti-miR-29645p,in thesheart 1 week after the TAC
surgery. TAC-inddced cardiac hypertrophy in mice was
expected to beefleeted by increased heart weight, and ad-
anti-miR-296-5p treatment in mice reversed these TAC-
induced «hanges. Cardiomyocytes size as determined in
histologicalisections of hearts was significantly decreased
in sdd=anti-mRs296-5p group compared with ad-anti-NC
group, (Fig.,2c). For the cardiac function, parameters
including LVEDP, LVFS, LVEF, LVESD were detected.
LVEDP and LVESD were significantly reduced in ad-anti-
miR-296-5p group compared with the ad-anti-NC. LVFS
and LVEF were significantly improved in ad-anti-miR-
296-5p group at 4 weeks (Fig. 2f). Taken together, these
results demonstrated that the inhibition of miR-296-5p
could protect heart from cardiac hypertrophy both in vitro
and in vivo.
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MiR-296-5p inhibited CACNG6 expression by
binding to its 3/-UTR

To explore the further mechanism of miR-296-5p in cardiac
hypertrophy, we investigated the potential target genes of
miR-296-5p using bioinformatics scan. We found that the 3'-
UTR of the CACNG6 gene contains a highly conserved
miR-296-5p seed sequence, suggesting that CACNG6 was a
target for miR-296-5p (Fig. 3a). To validate the prediction,
we detected the possible miR-296-5p seed sequence in the 3’-
UTR of CACNG6 using the TargetScan algorithms and
cloned the 3’-UTR of wild-type and mutant CACNG®6 into
the luciferase reporter gene system. The activity of the luci-
ferase reporter gene linked to the 3’-UTR of wild-type
CACNG6 was reduced with the presence of miR-296-5p,
while that of mutant CACNG6 did not change (Fig. 3b). To
further confirm the correlation between miR-296-5p and
CACNGS6, we validated the expression of CACNGH6 in car-
diomyocytes. The results showed the protein expression of
CACNG6 was obviously decreased in cardiomyocytes with
ad-miR-296-5p infection (Fig. 3c, d). Moreover, we detected
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Fig. 3 MiR-296-5p directly targets CACNG®6 in the mouse eardi-
omyocytes. a The binding of miR-296-5p sites in the 3’AUTR ‘of
CACNG®6 are shown. b Luciferase activity assay was pesformedito
identify whether CACNG6 was the direct target gene of miR-296-5p:

the mRNA level of CACNG6 and #6und that ‘mRNA
expression of CACNG6 was decreased, in cardiomyocytes
with ad-miR-296-5p infection (Fig. 3e).\Togethet, these data
indicated that CACNG6 was the direct target of miR-296-5p.

Overexpression of CACNG6 reversed the repression
of cardiac hypertrophy

We further eydluated the jrole of CACNG6 in cardiac
hypertrophya, by gaimy of function experiments. Over-
expressiofi of CACNG6 with the infection of ad-CACNG6
was performedin/eardiomyocytes to determine its role in
capdiachhypertrophy. QPCR assay was used to evaluate the
CACNGOgexpression. The results indicated a significant
elevated level of CACNG6 in cardiomyocyte and myo-
cardium after infection with ad-CACNG6 (Fig. 4a, b).
Consistent with the effect of miR-296-5p knockdown in
cardiomyocytes, overexpression of CACNG6 partially res-
cued cardiac hypertrophic growth. Assessment of cardio-
myocyte size and the expression of hypertrophic genes
including ANP, BNP, and f-MHC demonstrated that the
overexpression of CACNG®6 repressed cardiac hypertrophy
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€, 'd_Western blot was used to evaluate the protein expression under
infection of ad-miR-296-5p and ad-anti-miR-296-5p. e qPCR was used
to evaluate the RNA expression under infection of ad-miR-296-5p and
ad-anti-miR-296-5p. *p <0.05 vs miR-NC group.

induced by Ang II treatment (Fig. 4c—e). In addition, HE
staining indicated that overexpression of CACNG6 exhib-
ited the attenuation of cardiac hypertrophy in mice (Fig. 4f).
Furthermore, LVEDP and LVESD were significantly
reduced in ad-CACNG6 group compared with control
group. LVFS and LVEF were significantly improved in ad-
CACNGS6 group in comparison with that in control group
(Fig. 4g, h).

Inhibition of miR-296-5p protected heart from
cardiac hypertrophy via CaMKII regulation pathway

Research has shown that CACNG6 participates in the
modulating of voltage-dependent calcium channels, and
CaMKII regulation was confirmed to play an important role
in cardiac hypertrophy. To investigate whether the inhibi-
tion of miR-296-5p improves heart function via modulating
CaMKII signaling in cardiomyocytes, CaMKII, SERCA2,
and CaMKII-dependent PLN were assessed by western
blotting. After infection of ad-anti-miR-296-5p, the
expression of CACNG6 was reversely restored. Next, with
the treatment of ad-anti-miR-296-5p, the expression of
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p-PLB, RyR2, and SERCA2 was upregulated, whilesthe
expression of PLB and p-CaMKII was reversely down-
regulated. Excessive CaMKII activity contributesse, cardiac
hypertrophy, thus, these data identified that thednhibition of
miR-296-5p could attenuate cardiac hypertrophy by
increasing the expression of CACNG6 and modplating
CaMKII signaling (Fig. 5a, b).

Deletion of CACNG6 reversedithe effect of miR-296-
5p knockdown in cardiomyocyte

In order to further investigate thegelation between CACNG6
and miR-296-5p. We performed rescue experiment. SIRNA
of CACNG6 wasused to knockdown CACNG®6 level which
was confirmed to beuseful by the qPCR results (Fig. 6a).
Thereaftef, we evaluate the cell area of cardiomyocytes. As
Fig. 6b, cireyealed) siCACNGO reversed the effect of miR-
296°Sphdeletions” Subsequently, expression level of ANP,
BNP, andy§-MHC was detected. We found that siCACNG6
reversed the function of miR-296-5p knockdown on the
level of ANP, BNP, and f-MHC (Fig. 6d).

Discussion

Amplification of the 20q13.32 genomic region has been
found in various cancers types [14—16]. miR-296 has been

SPRINGER NATURE

S 5 x S 20
5 5
* S m 4 2 15 * 4
N o N
a3 O <
gm g9 10
S, 8E
iy o & owm *i#
= Q = 0.5
g s
[0} [0}
X o X 00
+o Angll  + + + + Angll  + + +, +
: + anti-miR -+ o+ o+ anti-miR -+ AN
- sicontrol - - + - sicontrol Yy €A
-+ SiCACNG6 - - - + SiCACNG6 - A
‘5 1.0 G _ o8
c c =
<] o X
* g 0.8 ?’ % 0.6
® = o6 - 90O *i
a X =
<X 0O X
*# O Z 04 (0]
g 3 x %
2 oo * % =Sz
) . © 3
Q ° 2
X 00 X’ o0
+ + Ang Il + € Ot Ang Il + + + 4+
+ + anti-miR - 3+ o+ O+ anti-miR - + 4+ 4+
+ - sicontrol G- * N sicontrol - -+ -
-+ siCACNGS, - - - ¥ siCACNG6 - = = 4+

RyR2, CaMKIEIp-CaMKII. *p <0.05 vs Ang II group, *p <0.05 vs
Ang II 4 antizMmiR* sicontrol group.

categorized as an Angio-miR, along with miR-378 and
miR-17-92 in the same gene cluster, due to its contribution
to tumor angiogenesis [17, 18].

MiR-296 was upregulated in normal human brain
endothelial cells in response to exposure to human brain
glioma cells. Down-and upregulation of miR-296 resulted
in the inhibition and induction, respectively, of morphologic
characteristics associated with angiogenesis of human
endothelial cells [18]. Downregulation of miR-296 was
shown to inhibit esophageal cancer cell progression by
regulation of multiple signaling pathways including cyclin
D1, p27, P-glycoprotein, Bcl-2, MDR1, and Bax [19]. MiR-
296 also plays a critical role in the progression of gastric
cancer, lung adenocarcinoma, and esophageal cancers [20].
As in the cardiovascular system, miR-269-5p was indicated
to be upregulated in hypertrophic cardiomyopathy patients.
This finding caught our attention on the role of miR-269-5p
in the progression of cardiac hypertrophy [21].

In the present study, we found an altered expression level
of miR-296-5p. The further in vivo and in vitro study
demonstrated that inhibition of miR-296-5p significantly
suppressed cardiac hypertrophy. Moreover, miR-296-5p
depletion alleviated the damage of cardiac function induced
by TAC.

miRNAs regulate the expression level of specific genes
through combining to the targeting regions. We predicted the
potential target gene of miR-296-5p using the bioinformatics
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Fig. 6 Deletion of CACNG6 A E
reversed the effect of miR-296- o
5p knockdown in g
cardiomyocyte. a QPCR was s
performed to evaluate the 3
expression level of CACNGS. 2
b, ¢ Immunostaining of a-SMA =
was used to evaluate the size of K
cardiomyocyte subjected to Ang Ang Il
II treatment or not. d The level anti-miR

i sicontrol
of myocardial hypertrophy SIOACNGS

biomarkers ANP, BNP, and
B-MHC are detected using
qPCR. *p<0.05 vs Ang II
group, *p <0.05 vs Ang II +
anti-miR + sicontrol group.

C

Relative expression of

Ang Il
anti-miR
sicontrol

siCACNGE

analysis software. CACNG6 was confirmed tel be a direct
target of miR-296-5p in cardiomyocyte.

The calcium channel, voltage-dependént, gamma subunit
6 (CACNG6) gene encodes a protein, that stabilizes the
calcium channel [22]. Recent studies haveievealed negative
relations of CACNG6 gene expression to chronic obstructive
pulmonary disease, responses of the/humian airway epithe-
lium following injury and“parenchyma in lung tissues [23].
The CACNGH is an infegral membrane protein that stabilizes
the calcium channél duringjits inactive state [24]. Calcium
channel functiof has,been implicated in multiple cardiovas-
cular diseasgs, such as hypertension and cardiac hypertrophy
[25]. Wefsubsequently evaluated the expression level of
several caleidn channel proteins. The results indicated that
CACNGH partieipates in the regulation of SERCA2, NCX1,
RyR2, and,the phosphorylation of PLB and CAMKLIL
However, the downstream underlying mechanism are still
unclear which need to been explored further.

Conclusions

MiR-296-5p was found to aggravate cardiac hypertrophy
by targeting CACNGO6, which suggested inhibition of
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miR-296-5p might have clinical potential to suppress cardiac
hypertrophy and heart failure. In the present study, we first
explored the effect of miR-296-5p in hypertrophy. In addition,
we investigated the role of CACNG6 which is the direct
target gene of miR-296-5p. Our findings suggested novel
biomarkers or potential therapy targets of hypertrophy.
Meantime, more further study should be listed in schedule.
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