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miR-449a-5p suppresses CDK6 expression to
inhibit cardiomyocyte proliferation
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Abstract. Induction of cardiomyocyte (CM) proliferation
is a promising approach for cardiac regeneration following
myocardial injury. MicroRNAs (miRs) have been reported
to regulate CM proliferation. In particular, miR-449a-5p has
been identified to be associated with CM proliferation in
previous high throughput functional screening data. However,
whether miR-449a-5p regulates CM proliferation has not
been thoroughly investigated. This study aimed to explore
whether miR-449a-5p modulates CM proliferation and to
identify the molecular mechanism via which miR-449a-5p
regulates CM proliferation. The current study demonstrated
that miR-449a-5p expression levels were significantly
increased during heart development. Furthermore, the results
suggested that miR-449a-5p mimic inhibited CM prolifera-
tion in vitro as determined via immunofluorescence for ki67
and histone H3 phosphorylated at serine 10 (pH3), as well
as the numbers of CMs. However, miR-449a-5p knockdown
promoted CM proliferation. CDK6 was identified as a direct
target gene of miR-449a-5p, and CDK6 mRNA and protein
expression was suppressed by miR-449a-5p. Moreover, CDK6
gain-of-function increased CM proliferation. Overexpression
of CDKG6 also blocked the inhibitory effect of miR-449a-5p
on CM proliferation, indicating that CDK6 was a functional
target of miR-449a-5p in CM proliferation. In conclusion,
miR-449a-5p inhibited CM proliferation by targeting CDKGO,
which provides a potential molecular target for preventing
myocardial injury.
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Introduction

Cardiac disease is the most prevalent cause of mortality
worldwide (1). Damage to the mammalian heart leads to
cardiomyocyte (CM) loss, cardiac fibrosis and hypertrophy
followed by cardiac dysfunction, which eventually leads to
heart failure (2). Adult mammalian CMs become fully differ-
entiated, exit the cell cycle and are unable to regenerate CMs
following cardiac diseases (3). Therefore, the induction of CM
proliferation presents a promising strategy to promote cardiac
regeneration (4,5).

MicroRNAs (miRNAs/miRs) are a group of ~22-nucleo-
tide, highly conserved, non-coding RNAs that regulate gene
expression via post-transcriptional modification in numerous
biological and pathological processes, such as cell proliferation
and apoptosis (6). Previous studies have revealed that miRNA
is a critical regulator in cardiac conditions, including in cardiac
hypertrophy, myocardial infarction and heart failure (7,8). To
date, multiple miRNAs have been identified that control fetal
CM proliferation and postnatal CM cell cycle reentry (6,9,10).
A high-throughput functional screening identified that
~204 miRNAs promoted neonatal CM proliferation, whereas
331 miRNAs decreased CM proliferation (11). The miRNA
clusters miR-17-92 (12) and miR-302-367 (9) are reported to
be involved in CM proliferation in mouse embryonic and post-
natal hearts. Moreover, miR-590-3p and miR-199a-3p increase
cyclin A (CCNA), cyclin E (CCNE) and cyclin B (CCNB)
expression levels in proliferating CMs (11). It has also been
shown that miR-204-dependent regulation of Jumonji And
AT-Rich Interaction Domain Containing 2 (Jarid2) in CM is
essential during embryo development and cardiogenesis (13).

miR-449a-5p has been reported to be a tumor suppressor
in numerous types of cancer including gastric cancer, liver
cancer and neuroblastoma (14-16). Previous studies have
demonstrated that miR-449a-5p inhibits cell cycle progres-
sion, proliferation, growth and invasion in cancer cells by
targeting different target genes (17). A previous study also
revealed that miR-449a-5p regulated hypoxia/reoxygenation
injury-induced CM mortality (18). Furthermore, the members
of the miR-34/449 family share high sequence homology (19).
miR-34a has been shown to inhibit CM proliferation in
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postnatal mice, whereas inhibition of miR-34a promotes
CM proliferation and improves cardiac function in adult
post-myocardial infarcted hearts (10). However, to the best
of our knowledge there is no direct evidence of miR-449a-5p
modulation of CM proliferation.

Integrated bioinformatics analyses have revealed that
CDKG6 is a potential target of miR-449a-5p (16,20). CDK6
is a cyclin D activated kinase that phosphorylates the reti-
noblastoma protein (Rb) in the G, phase, and associates
with E2 transcription factor (E2F) to regulate the transition
from G, to S in the cell cycle (21). Additionally, previous
studies have reported that miR-449a-5p directly targets CDK6
to inhibit cell proliferation (16,20).

Based on the relationship between miR-449a-5p and
CDKa®6, it was hypothesized that miR-449a-5p may suppress
CM proliferation by inhibiting CDK6. The aims of the current
study were to elucidate whether loss of miR-449a-5p promotes
CM proliferation and to identify the molecular mechanism via
which miR-449a-5p regulates CM proliferation. The present
study provides a novel insight into miR-449a-5p, which could
potentially be used as an effective therapeutic approach in
cardiac diseases.

Materials and methods

Reagents and antibodies. Trypsin, collagenase type II,
FBS and Opti-MEM were purchased from Gibco,
Thermo Fisher Scientific, Inc. DMEM/F12 1:1 medium
was obtained from HyClone, Cytiva. An E.Z.N.A. Total
RNA kit IT was purchased from Omega Bio-Tek, Inc. An
RNeasy Midi kit was acquired from Qiagen, Inc. DNase I
and Lipofectamine® 2000 were purchased from Invitrogen,
Thermo Fisher Scientific, Inc. A PrimeScript™ RT Master
mix and a SYBRs Premix Ex Taq™ kit were obtained from
Takara Biotechnology Co., Ltd. A miRNA First Strand
cDNA Synthesis and miRNAs Quantitation PCR kit were
purchased from Sangon Biotech Co., Ltd. Paraformaldehyde
(PFA) was acquired from Leagene. DAPI was purchased from
Bestbio, while Hoechst 33342 was purchased from Bioworld
Technology, Inc. Tris-HCI, RIPA buffer was obtained from
Beijing Dingguo Changsheng Biotechnology Co., Ltd. A
BCA Protein Quantitative Analysis kit was purchased from
Fudebio-tech. BSA, penicillin, streptomycin, NaCl, SDS,
formamide, and SSC were purchased from Sigma-Aldrich,
Merck KGaA.

For immunofluorescence analysis, antibodies against
cardiac troponin T (cTnT; cat. no. ab8295; 1:100), ki67
(cat. no. ab15580; 1:100) and histone H3 phosphorylated
at serine 10 (pH3; cat. no. ab47297; 1:100) were obtained
from Abcam, and goat anti-mouse IgG/Alexa Fluor 488
(cat. no. bs-0296G-A488; 1:100) and goat anti-rabbit IgG/Alexa
Fluor 555 (cat. no. bs-0295G-A555; 1:100) antibodies were
purchased from Beijing Biosynthesis Biotechnology Co., Ltd.

For western blotting, antibodies against CDK6 (cat.no.3136;
1:2,000) were purchased from Cell Signaling Technology,
Inc., and B-actin (cat. no. bs-0061R; 1:2,000) antibodies were
purchased from Beijing Biosynthesis Biotechnology Co., Ltd.
Donkey anti-mouse IgG H&L (cat. no. ab6820; 1:10,000)
and donkey anti-rabbit IgG H&L (cat. no. ab16284; 1:10,000)
antibodies were purchased from Abcam.

Laboratory animals. A total of 30 pregnant, 500 postnatal
day (P) 1 (1-2 g), 30 P4 (3-4 g), 80 P7 (5-6 g), 20 P28 (18-20 g)
and 20 P56 male (20-25 g) C57BL/6J mice were purchased
from the Experimental Animal Center of Guizhou Medical
University. Animals were housed in a temperature-controlled
(23£1°C), humidity-controlled (40-60%) environment with a
12-h light/dark cycle and food and water available ad libitum.
All animal experiments were approved by the Guizhou
University Subcommittee of Experimental Animal Ethics
(Guizhou, China). The current study followed the guidelines
of the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (22).

Tissue collection. Ventricular heart tissues were isolated from
embryonic day 16.5 (E16.5), P1, P7, P28 and P56 C57BL/6J
mice. Mice were deeply anesthetized with 2% inhaled isoflu-
rane and euthanized by cervical dislocation. Then, hearts
were dissected out and washed with 0.9% NaCl. The hearts
were further processed for total RNA isolation and reverse
transcription-quantitative PCR (RT-qPCR).

Ventricular CM and cardiac fibroblast (CF) isolation. CMs
were isolated on P1, P4 or P7 from C57BL/6J mice, as previ-
ously described (10,11). Briefly, the mice were anesthetized
using 2% isoflurane inhalation. The ventricles were separated
from the atria, cut into pieces and digested with 0.25% trypsin
at 4°C overnight. Then, digestion was performed two to three
times using 10 mg collagenase type II and 50 mg BSA in 10 ml
PBS at 37°C for 15 min under constant stirring. Following
digestion, the supernatant was collected with DMEM/F12 1:1
medium supplemented with 10% FBS. The collected superna-
tant was centrifuged (500 x g) at room temperature for 5 min
to harvest the cells, which were resuspended in DMEM/F12
1:1 medium supplemented with 10% FBS, 100 U/ml penicillin
and 100 mg/ml streptomycin. The collected cells, containing
CMs and CFs were seeded onto 100-mm plastic dishes for 2 h
at 37°C in a humidified atmosphere of 5% CO,. CMs and CFs
were cultured via differential adhesion, as described previ-
ously (23,24). The CFs adhered to the uncoated cell-culture
dish. The supernatant, composed mostly of CMs, was then
collected and pelleted. Following this, the CMs were resus-
pended in DMEM/F12 containing 10% FBS, counted using
a BA210 Digital light microscope (magnification, x100), and
plated at the appropriate density (70-80% confluency).

RNA isolation and RT-gPCR. Total RNA was isolated from
cultured P1, P4, or P7 CMs or E16.5, P1, P7, P28 or P56 ventric-
ular heart tissue using an E.Z.N.A. Total RNA kit II, according
to the manufacturer's protocol. Nuclear and cytoplasmic
RNAs were isolated using an RNeasy Midi kit according to
the manufacturer's protocol. RNAs were treated with DNase I
(1 gl for 1 ug RNA) for 15 min at room temperature to exclude
DNA contamination.

For the quantification of mRNA expression, PrimeScript™ RT
Master mix was used, according to the manufacturer's protocol,
to synthesize cDNA at 37°C for 15 min and 85°C for 5 sec.
RT-qPCR was then performed with a SYBRs Premix Ex Taq™
kit on a Lightcycler 480 (Roche Diagnostics). A total of 20 ul
reaction mixture was incubated at 95°C for 30 sec for initial
denaturation followed by 95°C for 5 sec and 60°C for 30 sec
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for 40 cycles. To normalize gene expression, 3-actin was used
as the reference gene. For the quantification of miRNA expres-
sion, miRNA First Strand cDNA Synthesis and miRNAs
Quantitation PCR kits were used according to the manufac-
turers' protocol. U6 was used as a reference gene to normalize
miRNA expression, according to previous studies (25,26).

mRNA and miRNA relative expression levels were
analyzed using the 2224 method (27). The difference between
the Cq values of the target gene and internal reference gene
in each group were used as the ACq of each group, and the
average value of ACq of each group was subtracted from that
of the control group to obtain the AACq of each group; next,
2-44C4 was used to calculate the relative expression level of
each group. To determine the endogenous efficiency, cDNA
samples were diluted to four concentration gradients (cDNA
dilution: 0.001, 0.01, 0.1, 1), amplified with primers specific to
[-actin and CDK®6 and the average Cq values of B-actin and
CDKG®6, as well as the AACq values, were calculated. Finally,
AACq values were mapped using log values of the cDNA
concentration gradient. If the absolute slope of the obtained
straight line is close to zero, the amplification efficiency
of B-actin and CDK6 primers is equal. All primers were
designed by Sangon Biotech Co., Ltd. The primer sequences
are provided in Table I.

Fluorescence in situ hybridization (FISH). Isolated CMs
were cultured on coverslips, fixed in 4% PFA for 30 min
and washed with PBS at room temperature. Following this,
cells were permeabilized in 0.2% Triton X-100 in PBS for
10 min at room temperature, washed with PBS three times,
hybridized with a hybridization solution (containing 20 mM
Tris-HCI, 0.9 M NaCl, 0.01% SDS, and 40% formamide) and
incubated with 10 M labeled miR-449a-5p probe at 37°C
for 12 h. The miR-449a-5p probe was synthesized by Sangon
Biotech Co., Ltd. The cells were washed with 2X SSC (5 min),
1X SSC (5 min) and 0.5X SSC (5 min) at room temperature,
and incubated with DAPI for 2 h at 37°C. Image acquisition
was performed using an LSM 880 confocal microscope
(magnification, x1,000; Zeiss GmbH).

Transfection of plasmids, miRNA mimics and inhibi-
tors. The plasmid pcDNA-CDK6 and pcDNA-NC was
synthesized by Vigene. miR-449a-5p mimics, mimic-NCs
(cat. no. miR1INO0000O1-1-5), miR-449a-5p inhibitors, and
inhibitor-NCs (cat. no. miR2N0000001-1-5) were synthesized
by Guangzhou Ribobio Co.,Ltd. The sequences of miR-449a-5p
mimics were 5-UGGCAGUGUAUUGUUAGCUGGU-3'. The
sequences of miR-449a-5p inhibitors were 5-ACCAGCUAA
CAAUACACUGCCA-3'". After isolated P1 CMs were cultured
for 48 h at 37°C, 5 ul Lipofectamine® 2000 and 50 nM plas-
mids, mimics or inhibitors were added to Opti-MEM. The
mixture was added to the cells following incubation at room
temperature for 20 min. This medium was replaced after 6 h
at 37°C with the same volume of DMEM/F12 medium. RNA
or protein was isolated and immunofluorescence analysis was
conducted following 48 h.

Immunofluorescence analysis. For cultured CMs in 24-well
plates, the culture medium was washed with PBS, fixed with
4% PFA for 30 min at room temperature, permeabilized with

0.2% Triton X-100 in PBS for 10 min at room temperature,
and blocked with PBS containing 1% BSA at room tempera-
ture for 30 min. Cells were then incubated with primary
antibodies, including c¢TnT, ki67 or pH3, for 2 h at room
temperature, followed by washing with PBS and incubation
with goat anti-mouse IgG/Alexa Fluor 488 or goat anti-rabbit
IgG/Alexa Fluor 555 secondary antibodies for 1 h at room
temperature. Subsequently, cells were washed with PBS and
incubated with Hoechst 33342 at room temperature for 30 min.
Apoptotic cell death was determined via TUNEL staining
(Roche Diagnostics) at room temperature for 1 h, according to
the manufacturer's protocol. Image acquisition was performed
using an LSM 880 confocal microscope (magnification, x200).
To quantify CM proliferation, ki67 and pH3 marked cell prolif-
eration, while cInT labeled CM areas. Hoechst 33342 was used
for nuclear counterstaining. Quantitative data were obtained by
measuring co-localization of Hoechst 33342 staining with ki67
or pH3 in cInT areas using ImageJ software (version no. 1.6.0;
National Institutes of Health). In total, four fields of each section
were randomly selected to examine for quantification.

Luciferase reporter assay. Luciferase reporter assays were
performed as previously described (28). Wild-type (WT)
CDK6 3'-untranslated region (UTR; CDK6-WT) and CDK6
3'-UTR mutant (MUT) derivatives devoid of the miR-449a-5p
binding site (CDK6-MU1 and CDK6-MU?2) were cloned into
the psiCHECKTM-2 vector (SaichengBio Co. Ltd.). After
isolated CMs were cultured for 48 h, 5 ul Lipofectamine® 2000
and 50 nM mimic-miR-449a-5p, CDK6-WT or CDK6-MU
plasmids were added to Opti-MEM. The mixture was added to
the cells following incubation at room temperature for 20 min.
The medium was replaced after incubation for 6 h at 37°C with
the same volume of DMEM/F12 medium. Cells were harvested
at 48 h post-transfection and luciferase activity was determined
using a luciferase reporter system (Promega Corporation),
according to the manufacturer's protocol. The firefly luciferase
activity was normalized to Renilla luciferase activity

Western blotting. Isolated CMs were lysed in ice-cold RIPA
with protease inhibitors and protein concentrations were
detected using a BCA Protein Quantitative Analysis kit.
A total of 30 ug of protein samples were electrophoresed
using 10% SDS-PAGE and transferred to PVDF membranes
(EMD Millipore). The PVDF membranes were incubated in
blocking buffer [5% BSA in TBS-0.1% Tween-20-(TBST)
buffer] for 2 h at room temperature. Following blocking, the
PVDF membranes were incubated with primary antibodies
(CDKS6, 36 kDa or B-actin, 42 kDa) in 5% BSA at 4°C over-
night. After washing with TBST, the PVDF membranes
were incubated with donkey anti-mouse IgG H&L or donkey
anti-rabbit IgG H&L antibodies for 1 h at room temperature.
Images were acquired using the chemiluminescence imager
GeneGnome XRQ (Syngene). ImagelJ software (version
no. 1.6.0; National Institutes of Health) was used to calculate
the relative density. The intensity of each protein was normal-
ized to B-actin.

miRNA target prediction. Putative miRNA targets were
identified using the miRNA target prediction tools miRmap
(version no. 1.1) (29) and miRanda (version no. 3.3) (30).
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Table I. List of the sequences of the primers used in the current study.

Primer

Forward (5'-3")

Reverse (5'-3")

miR-449a-5p reverse transcription primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCAGC

miR-449a-5p CGCGCGTGGCAGTGTATTGTTA ATCCAGTGCAGGGTCCGAGG

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
CDK6 TAGCTGTCTCCACCACCCAC GGCCATCTGTCGTTAGCCAG
RUNXI1 AACCAGGTAGCGAGATTCAACGAC CAACTTGTGGCGGATTTGTAAAGA
c-kit CGGGCTAGCCAGAGACATCA TCTCTGGTGCCATCCACTTCA
DAB2 TAGTCCAACAGAAAGCAAAG GAGGTGACTCCATTTGTTAAG
B-actin TGCTGTCCCTGTATGCCTCTG TTGATGTCACGCACGATTTCC

miR, microRNA; RUNX1, Runt-related transcription factor 1; c-kit, mast/stem cell growth factor receptor kit; DAB2, disabled homolog 2.

Statistical analysis. All experiments were repeated at
least three times. Data are presented as the mean + SEM.
Statistical analyses were performed using SPSS software
(version no. 20.0; IBM Corp.). For comparison between two
groups, an unpaired two-tailed Student's t-test was used. For
the comparison of =3 groups, one-way ANOVA followed
by the Least Significant Difference or Tukey's post hoc test
was used. For correlation analysis, Spearman's test was used.
P<0.05 was considered to indicate a statistically significant
difference.

Results

miR-449a-5p is upregulated in aged mouse CMs. Firstly,
the expression levels of miR-449a-5p in embryonic day 16.5
(E16.5), P1, P7, P28 and P56 were detected ventricular heart
tissues. RT-qPCR results demonstrated that miR-449a-5p
expression was significantly increased during cardiac devel-
opment (Fig. 1A). Additionally, miR-449a-5p expression
progressively increased in isolated P1,P4 and P7 CMs (Fig. 1B).
These results suggested that miR-449a-5p expression gradu-
ally increased with age. miR-449a-5p was highly expressed in
CMs compared with CFs (Fig. 1C). RT-qPCR results identified
that miR-449a-5p was mainly expressed in the cytoplasm of
CMs (Fig. 1D). This was further demonstrated via FISH assays
results, which indicated that miR-449a-5p was primarily
located in the cytoplasm of CMs (Fig. 1E).

Overexpression of miR-449a-5p inhibits CM proliferation. To
investigate the potential role of miR-449a-5p in CM prolif-
eration, isolated P1 CMs were transfected with mimic-NCs
or mimic-miR-449a-5p. RT-qPCR results demonstrated that
mimic-miR-449a-5p significantly overexpressed miR-449a-5p
in isolated P1 CMs compared with the mimic-NC group
(Fig.2A). Following this, CM proliferation was examined using
the cell cycle activity marker ki67 and the mitosis marker pH3.
Compared with the mimic-NC, miR-449a-5p overexpression
significantly decreased the percentage of ki67-positive CMs
(6.58+0.38% vs. 3.47+0.33%, respectively; Fig. 2B) and the
percentage of pH3-positive CMs (1.30+0.18% vs. 0.59+0.24%,
respectively; Fig. 2C). Furthermore, miR-449a-5p overex-
pression decreased the number of P1 CMs to 0.85+0.04-fold
(Fig. 2D).

Whether miR-449a-5p had an effect on CM dedifferen-
tiation was then examined. Previous studies have reported
that the stem/progenitor markers Runt related transcription
factor 1 (RUNXI1), mast/stem cell growth factor receptor kit
(c-kit), and differentially-expressed protein 2 (DAB?2) identify
dedifferentiated CMs (31,32). RT-qPCR results indicated that
miR-449a-5p mimic significantly inhibited RUNX1, c-kit and
DAB2 expression levels in isolated P1 CMs compared with
the mimic-NC group (Fig. S1A), suggesting that miR-449a-5p
inhibited CM dedifferentiation. TUNEL staining results iden-
tified that miR-449a-5p overexpression significantly increased
isolated P1 CM apoptosis compared with the mimic-NC group
(Fig. S1B). These findings demonstrated that miR-449a-5p
may be an endogenous regulator of neonatal CM proliferation.

Knockdown of miR-449a-5p stimulates CM proliferation.
Having established that miR-449a-5p overexpression inhibited
CM proliferation, it was then evaluated whether knockdown of
miR-449a-5p had an effect on CM proliferation. Transfection
of isolated P1 CMs with inhibitor-miR-449a-5p led to a signifi-
cant decrease in miR-449a-5p expression compared with the
inhibitor-NC group (Fig. 3A). The effect of miR-449a-5p
knockdown on CM proliferation was examined using ki67
and pH3 immunofluorescence staining. Compared with the
inhibitor-NC group, silencing of miR-449a-5p significantly
increased the number of ki67-positive (6.93+0.41% vs.
13.55+0.56%, respectively; Fig. 3B) and pH3-positive CMs
(1.32+0.14% vs. 2.64+0.20%; Fig. 3C). Compared with the
inhibitor-NC group, miR-449a-5p knockdown demonstrated
a 1.23+0.04-fold increase in the numbers of CMs (Fig. 3D).
These data indicated that miR-449a-5p regulated neonatal CM
proliferation.

CDKG6 is a direct target gene of miR-449a-5p. Since miRNAs
regulate biological function mainly by binding to the 3'-UTR
of the target miRNAs (33), miRmap (29) and miRanda (30)
were used to perform a bioinformatics search. CDK6, an
important cell cycle regulator that induces cell cycle progres-
sion and cell proliferation (34,35), was identified as a potential
target of miR-449a-5p (Fig. 4A). Using a reporter construct
with the putative miR-449a-5p binding site of CDK6 3'-UTR
downstream of the luciferase gene, the results demonstrated
that miR-449a-5p overexpression significantly decrease
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Figure 1. Expression of miR-449a-5p in mouse hearts and CMs. RT-qPCR results for miR-499a-5p expression in the (A) hearts from E16.5, P1, P7, P28 and
P56 mice (n=5) and in (B) CMs isolated from P1, P4 and P7 mice (n=3). (C) RT-qPCR results of miR-449a-5p expression in isolated P CMs and CFs (n=3).
(D) Cytoplasmic and nuclear fractions for the abundance of miR-449a-5p expression in isolated P1 CMs (n=3). (E) RNA FISH assay results for miR-449a-5p
detection in isolated P1 CMs (n=3). Scale bar, 20 pm. Statistical significance was calculated using one-way ANOVA followed by Tukey's test in (A), Least
Significant Difference post hoc test in (B) and two-tailed unpaired Student's t-test in (C and D). Error bars represent mean + SEM. “P<0.05 vs. indicated groups.
miR, microRNA; CMs, cardiomyocytes; RT-qPCR, reverse transcription-quantitative PCR; E, embryonic; P, postnatal; CFs, cardiac fibroblasts.
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tion-quantitative PCR results for the detection of miR-449a-5p expression (n=3). (B) Ki67 immunofluorescence staining and quantification of ki67-positive
CMs (n=3). Ki67-positive CMs were indicated by arrows. Scale bar, 50 ym. (C) pH3 immunofluorescence staining and quantification of pH3-positive CMs
(n=3). pH3-positive CMs were indicated by arrows. Scale bar, 100 ym (upper images) or 20 ym (lower image). (D) Quantification of the number of CMs
(n=3). Statistical significance was calculated using two-tailed unpaired Student's t-test. Error bars represent mean + SEM. "P<0.05 vs. indicated groups.
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Figure 3. Knockdown of miR-449a-5p induces neonatal CM proliferation. Isolated P1 CMs were transfected with inhibitor-NCs or inhibitor-miR-449a-5p.
(A) Reverse transcription-quantitative PCR results for detecting miR-449a-5p expression (n=3). (B) Ki67 immunofluorescence staining and quantification
of ki67-positive CMs (n=3). Ki67-positive CMs were indicated by arrows. Scale bar, 50 gm. (C) pH3 immunofluorescence staining and quantification of
pH3-positive CMs (n=3). Scale bar, 100 ym (upper image) or 20 zm (lower image). (D) Quantification of the numbers of CMs (n=3). Statistical significance was
calculated using two-tailed unpaired Student's t-test. Error bars represent mean = SEM. "P<0.05 vs. indicated groups. miR, microRNA; CM, cardiomyocyte;
NCs, negative controls; ¢InT, cardiac troponin T; pH3, histone H3 phosphorylated at serine 10.

the luciferase activity of the reporter gene of CDK6 from
100.00£12.22 to 55.63+6.77%, whereas this reduction was
abrogated when the seed sequences of the 3'-UTR binding site
were mutated (Fig. 4B). These results suggested that CDK6
was a target for miR-449a-5p.

Subsequently, the endogenous efficiency of the RT-qPCR
samples was tested according to a previous study that analyzed
relative gene expression data using the 2244 method (27). The
results revealed that the efficiency of primer amplification of
CDKG6 and fB-actin was equal in the RT-qPCR experiments
(Fig. S2). Therefore, B-actin as was used as the internal
reference.

Then, whether miR-449a-5p had an effect on CDK6 in
CMs was evaluated. CDK6 mRNA and protein expression
was significantly decreased in isolated CMs transfected
with mimic-miR-449a-5p compared with the NC group
(Fig. 4C and D); however, the expression levels were signifi-
cantly increased in the inhibitor-miR-449a-5p group compared
with the inhibitor-NC group (Fig. 4C and D). These results
indicated that miR-449a-5p bound directly to CDK6 mRNA
and inhibited CDK6 expression.

CDK®6 overexpression induces CM proliferation. The effects
of CDK6 on CM proliferation were evaluated. RT-qPCR
confirmed that CDK6 mRNA expression significantly
decreased during mouse heart development (Fig. 5A and B).
Following this, the correlation between miR-449a-5p and
CDKG6 was determined by examining their expression levels

in 15 ventricular heart samples from mice of different ages
(E16.5,P1, P7,P28 or P56). A very strong negative correlation
was found between miR-449a-5p and CDK6 mRNA expres-
sion levels (r=-0.957) in the samples (Fig. 5C). Furthermore,
it was detected whether CDK6 induced CM proliferation.
RT-qPCR results demonstrated that CDK6 mRNA expres-
sion was upregulated in isolated CMs transfected with
pcDNA-CDKG6 compared with pcDNA-NC (Fig. 5D). Western
blotting confirmed that CDK6 protein expression was
upregulated in the pcDNA-CDKG6 group compared with the
pcDNA-NC group (Fig. SE). CM proliferation was assessed
via ki67 immunofluorescence staining, which revealed that
CDK6 promoted CM proliferation in the pcDNA-CDK6-NC
vs. the pcDNA-CDKG6 group (6.35+0.51% vs. 12.52+0.60%,
respectively; Fig. SF).

miR-449a-5p inhibits CM proliferation by targeting
CDK6. Whether CDK6 was involved in the functional
role of miR-449a-5p in CM proliferation was also inves-
tigated. Mimic-miR-449a-5p and pcDNA-CDK6 were
co-transfected into isolated P1 CMs. RT-qPCR and western
blotting results demonstrated that CDK6 mRNA and
protein expression was significantly decreased in CMs
transfected with mimic-miR-449a-5p alone compared
with the control group, but significantly increased in the
mimic-miR-449a-5p + pcDNA-CDK6 group compared
with the mimic-miR-449a-5p group (Fig. 6A and B).
The ki67 immunofluorescence staining assay identified
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Figure 4. CDKG6 is a target gene of miR-449a-5p. (A) Binding sites for miR-449a-5p on the 3'-UTR of CDKG6 as predicted using miRmap and miRanda. (B) Luciferase
assays of isolated P1 CMs transfected with luciferase-CDK6-W T, luciferase-CDK6-MU site 1 and luciferase-CDK6-MU site 2 (n=3). (C) Reverse transcription-quan-
titative PCR assays detected CDK6 mRNA expression in isolated P1 CMs transfected with mimic-NC, mimic-miR-449a-5p, inhibitor-NC or inhibitor-miR-449a-5p
(n=3). (D) Western blotting results and semi-quantitative analyses of CDK6 protein expression in isolated P1 CMs transfected with mimic-NC, mimic-miR-449a-5p,
inhibitor-NC or inhibitor-miR-449a-5p (n=3). Statistical significance was calculated using one-way ANOVA followed by Tukey's test in (B) or Least Significant
Difference post hoc test in (C and D) Error bars represent mean + SEM. "P<0.05 vs. indicated groups. miR, microRNA; UTR, untranslated region; P, postnatal;
CMs, cardiomyocytes; WT, wild-type; MU, mutant; NC, negative control.
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Figure 5. CDK6 overexpression promotes CM proliferation. (A) Reverse transcription-quantitative PCR results of (A) CDK6 mRNA expression in the hearts of
E16.5,P1,P7,P28 and P56 mice (n=5) and (B) CDK6 mRNA expression in CMs isolated from P1, P4 and P7 mice (n=3). (C) Correlation between miR-449a-5p
and CDK6 mRNA expression levels in 15 ventricular heart samples from different aged mice. (D) CDK6 mRNA expression in isolated P1 CMs transfected with
NC or pcDNA-CDKG6 (n=3). (E) Western blotting results and semi-quantitative analyses of CDK6 protein expression in isolated P1 CMs transfected with NC
or pcDNA-CDKG6 (n=3). (F) Ki67 immunofluorescence staining in isolated P1 CMs transfected with NC or pcDNA-CDKG6 and quantification of ki67-positive
CMs (n=3). Ki67-positive CMs were indicated by arrows. Scale bar, 50 ym. Statistical significance was calculated using one-way ANOVA followed by Tukey's
test in (A), Least Significant Difference post hoc test in (B), Spearman's test in (C) and two-tailed unpaired Student's t-test in (D-F). Error bars represent
mean + SEM. "P<0.05 vs. indicated groups. CM, cardiomyocyte; E, embryonic; P, postnatal; miR, microRNA; NC, negative control; ¢TnT, cardiac troponin T.
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Figure 7. Schematic diagram of miR-449a-5p inhibiting CM proliferation.
miR-449a-5p directly binds to CDK6 and reduces the expression of CDK6
proteins, resulting in the repression of CM proliferation. miR, microRNA;
CM, cardiomyocyte.

that co-transfection with the mimic-miR-449a-5p and
pcDNA-CDK6 abrogated the decline in ki67-positive
CMs induced by mimic-miR-449a-5p (6.30+0.34% vs.
3.25+0.38%, respectively; Fig. 6C). Collectively, the results
indicated that CDK6 mediated the regulatory role of
miR-449a-5p in CM proliferation.

Discussion

The present study demonstrated that miR-449a-5p was a nega-
tive regulator of CM proliferation. Additionally, miR-449a-5p
directly bound the CDK6 mRNA 3'-UTR and inhibited CDK6
expression. Thus, it was suggested that CDK6 mediated
miR-449a-5p-inhibited CM proliferation (Fig. 7). These find-
ings indicated that miR-449a-5p may be a valuable therapeutic
target for activating cardiac regeneration in the treatment
cardiac diseases.

Increasing numbers of miRNAs, including miR-17-92 (12),
miR-128 (36) and miR-590 (11), have been observed to
regulate CM proliferation. miR-449a-5p has been reported
to be associated with CM hypoxia/reoxygenation injury (18).
miR-449a-5p and miR-34a contain distinct seed regions,
which suggests that miR-449a-5p and miR-34a may have
similar functions (19,37). miR-34a has been proven to regulate
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CM proliferation and cardiac regeneration in post-myocar-
dial infarction (10). Therefore, it was hypothesized that
miR-449a-5p may regulate CM proliferation. miR-449a-5p has
been identified to negatively regulate CM proliferation from
previous high-throughput functional screening data (11). In the
present study, by quantifying miR-449a-5p expression levels
in CMs in mice at different ages, miR-449a-5p was found to
be increased during CM proliferation, accompanied by the
gradual decline in the proliferative ability of CMs. There was
low miR-449a-5p expression in the embryonic heart, increased
expression during the neonatal period and very high expression
at the adult stages.

To further investigate whether miR-449a-5p regulated CM
proliferation, CM proliferation in isolated mouse CMs was
evaluated using labeling proliferation-related markers. CMs
were immunostained with previously used markers, ki67 and
pH3, which are conventional markers of CM proliferation and
mitosis, respectively (11,31). The present results suggested that
miR-449a-5p overexpression led to a significant decrease in
the percentage of ki67- and pH3-positive CMs, as well as the
numbers of CMs. However, knockdown of miR-449a-5p caused
anincrease in ki67- and pH3-positive CMs. The present study also
investigated whether miR-449a-5p caused physiological myocar-
dial growth and development or myocardial damage. Changes
in stem/progenitor markers RUNX1, c-kit and DAB2 expression
levels and in CM apoptosis were detected using TUNEL staining.
The results demonstrated that miR-449a-5p overexpression
inhibited CM dedifferentiation markers and induced CM apop-
tosis. Consistent with the present results, previous studies have
reported that miR-449a-5p inhibition protected CMs against
apoptosis (18,38). These results support the current hypothesis
that miR-449a-5p inhibits CM proliferation.

The present study found that miR-449a-5p regulated CM
proliferation by targeting CDK6. CDKG6 is a cyclin D acti-
vated kinase that phosphorylates the Rb in the G, phase and
associates with E2F to regulate G, to S transition in the cell
cycle (21). Consistent with previous studies (39,40), the current
results demonstrated that the expression of CDK6 was high in
the embryonic heart, decreased during the neonatal period and
was very low at the adult stages. Thus, the expression pattern of
CDK6 was opposite to that of miR-449a-5p. A previous study
reported that miR-449a-5p directly targets CDK6 to suppress
cell proliferation in neuroblastoma (16). The current study also
observed that CDK6 was a target gene of miR-449a-5p in CM
proliferation. Additionally, the present results identified that
CDKG6 overexpression promoted CM proliferation, and the
overexpression of CDKG6 rescued the inhibitory effects caused
by miR-449a-5p in CM proliferation. Collectively, these
results suggested that miR-449a-5p inhibited CM proliferation
via decreased CDKG6 expression.

The loss of CMs and their deficient regeneration capa-
bility are major contributors to the pathogenesis of numerous
cardiac diseases, such as heart failure (41,42). Promoting CM
proliferation is hypothesized to be one of the most effective
regenerative therapeutic strategies to prevent exacerbation of
heart failure (3,4). Previous studies have revealed that the inhibi-
tion of negative miRNA regulators of proliferation, including the
miR-15 family (43) or, conversely, the enhancement of prolifera-
tive miRNAs, such as miR-199a and -590 (11), lead to increased
CM proliferation and improved cardiac function post-myocardial

injury. Combined with the current results, these research studies
highlight the mechanistic and therapeutic significance of
miRNA regulation in CM proliferation. Therefore, treating the
injured heart directly with miRNAs with regenerative abilities
or targeting miRNA with small molecular drugs may improve
cardiac function in patients with cardiac injury (44.45).

The present study had several limitations. Firstly, although
the effects of miR-449a-5p on CM proliferation were verified
in vitro, additional comprehensive experiments in vivo may aid
to further detect the role of miR-449a-5p. Secondly, whether
miR-449a-5p regulates cardiac regeneration in myocardial
infarction and heart failure should be clarified in future studies.

In conclusion, the present study identified that miR-449a-5p
regulated CM proliferation by inhibiting CDK6. These results
indicated that miR-449a-5p may act as a novel effective gene
target for treatment approaches for myocardial injury.
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