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Abstract. The growth of the heart during mammalian 
embryonic development is primarily dependent on an increase 
in the number of cardiomyocytes (CM). However, shortly 
following birth, CMs cease proliferating and further growth 
of the myocardium is achieved via hypertrophic expansion 
of the existing CM population. The cyclin-dependent kinase 
inhibitor 2A (Cdkn2a) locus encodes overlapping genes for 
two tumor suppressor proteins, p16INK4a and p19 alterna-
tive reading frame (ARF). To determine whether decreased 
Cdkn2a gene expression results in improved cardiac regen-
eration in  vitro and in  vivo following cardiac injury, the 
proliferation of CMs isolated from Cdkn2a knockout (KO) 
and wild‑type (WT) mice in vitro and in vivo were evaluated 
following generation of ischemia reperfusion (IR) injury. 
The KO mice demonstrated enhanced CM proliferation not 
only in vitro, but also in vivo. Furthermore, heart function 
was improved and scar size was decreased in the KO mice 
compared with that of the WT mice. The results also indicated 
that microRNA (miR)‑1 and miR‑195 expression levels associ-
ated with cell proliferation were reduced following IR injury 
in KO mice compared with those of WT mice. These results 
suggested that the inactivation of INK4a and ARF stimulated 
CM proliferation and promoted cardiac repair.

Introduction

Cardiovascular disease is the primary cause of human morbidity 
and mortality in developed countries (1). Despite progress in 
the development of clinical interventions to facilitate early 
myocardial reperfusion for patients with acute myocardial 
infarction (AMI), the rate of mortality during the acute phase 

of AMI remains at ~10% and the incidence of heart failure 
during the chronic phase reaches 25% (1,2). Although multiple 
methods of intervention have been shown to protect the heart 
from IR injury in experimental animals, almost no interven-
tion has demonstrated clear protective effects against IR injury 
in a clinical setting (2). For this reason, significant resources 
have been focused on the elucidation of the molecular and 
pathophysiological characteristics of the diseased heart and 
vasculature, in order to aid the development of novel diagnostic 
and therapeutic strategies for cardiovascular disease (1,2).

Amongst mammals, CM proliferation rapidly ceases 
following birth (1,2). The transition of CMs from the prolifera-
tive state during embryonic development, to the differentiated, 
hypertrophic adult CM phenotype is tightly modulated (1,2). 
Although there has been evidence of cardiac cell renewal 
amongst humans  (3,4), the proliferative capacity of adult 
CMs is limited. The ability of the adult heart to repair itself 
following injuries, including myocardial infarction or heart 
failure, is therefore significantly restricted (1).

However, a breakthrough was made, which demonstrated 
that the large T antigen of the SV40 virus induced the devel-
opment of large tumors composed of dividing myocytes in 
the right atria of transgenic mice (5), and isolated myocytes 
(AT‑1 cells) from these tumors were found to actively synthe-
size DNA and divide in culture (6,7). A study also revealed 
that myocytes isolated from transgenic tumors were able to 
proliferate in culture, whilst retaining the ability to contract 
spontaneously  (8). These results indicated that the SV40 
large T antigen may be able to induce terminally differenti-
ated adult muscle cells to re-enter the cell cycle and divide 
again. T antigen oncoprotein is expressed at an early stage of 
cardiac development (6‑8). Similarly to ATPase and helicase, 
T antigen interacts with specific proteins, including pRb, p53 
and p107, that are associated with the regulation of the cell 
cycle (9‑11). Therefore, it was hypothesized that T antigen may 
function to prevent myocytes from exiting the cell cycle (9,10).

As an oncogene, retinoblastoma protein (Rb) is involved in 
the orchestration of mitotic arrest and prevention of cell cycle 
re-entry, as well as the inhibition of apoptosis and regulation 
of stable tissue‑specific gene expression (12). It was also shown 
that, in combination with suppression of alternative reading 
frame (ARF), the suppression of Rb reversed differentiation 
and postmitotic arrest in skeletal muscle cells (13). However, 
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the differentiation of cardiac muscle is in contrast to that of 
skeletal muscles, in which DNA synthesis and the synthesis 
of differentiated cell products and contractile proteins do 
not occur simultaneously  (13). Multiple studies have also 
suggested that the adult heart retains limited regenerative 
capacity via an additional pathway, comprising activation of 
tyrosine kinase receptors ErbB2/4 in response to treatment 
with neuregulin‑1 (14,15). These findings suggested that the 
regulation of certain genes and proteins may stimulate the 
proliferation of adult CMs, challenging current views of the 
heart as a postmitotic organ (16).

MicroRNA (miRNAs) are a class of highly conserved, 
single‑stranded, small non‑coding RNAs, which were identi-
fied as transcriptional and post-transcriptional inhibitors of 
gene expression (17). These miRNAs ‘fine tune’ the trans-
lational output of target messenger RNAs  (17,18). Certain 
miRNAs, including miR‑1 (19,20) and miR‑195 (21), have been 
shown to inhibit CM proliferation.

The present study aimed to elucidate the functions of 
Cdkn2a in CM differentiation and potential re-entry to the 
cell cycle in vitro and in vivo following cardiac injury. The 
proliferation of CMs isolated from Cdkn2a (p16p19) knockout 
(KO) and wild-type (WT) mice in vitro as well as that in tissue 
from in vivo experiments following ischemia/reperfusion (IR) 
injury was therefore analyzed. As miRNAs had previously 
been identified as critical regulators of gene expression in 
response to IR (22), miR‑1 and miR‑195 expression following 
inactivation of the Cdkn2a gene were also evaluated.

Materials and methods

Animals. All animal procedures were performed according 
to regulation policy approved by China Animal Care 
Committees. The homozygous Cdkn2a KO mouse strain 
FVB.129‑Cdkn2atm1Rdp with an FVB/n genetic background 
was obtained from the National Resource Center for Mutant 
Mice (Nanjing, China). This strain carries a targeted deletion 
of exons 2 and 3 of the INK4a/ARF locus, which eliminates 
p16 and p19. WT littermate mice were used as controls for 
all experiments. The mice (weighing 40‑60 g; 8 weeks-old) 
underwent a 12 h light/dark cycle, with ad libitum access to 
food and water. The mice were maintained at room tempera-
ture in an atmosphere containing 60% humidity. The present 
study was approved by the ethics committee of Zhengzhou 
University (Zhengzhou, China).

Isolation and culture of CMs. CMs were isolated as previously 
described (23). Briefly, 8‑10 week-old mice were anesthetized 
by interperitoneal injection of isoflurane (Roche Diagnostics, 
Basel, Switzerland) with heparin (100 units isoflurane/mouse). 
Subsequently, the heart was removed from the chest, cannulated 
via the ascending aorta and mounted on a modified perfusion 
system apparatus (IFB‑01; SKE Advanced Therapies, Milan, 
Italy). Following perfusion for 4 min at 3 ml/min, enzyme 
solution (0.25% trypsin)  containing collagenase type  II 
(Worthington, Lakewood, NJ, USA) supplemented with 
100 mM CaCl2 was used for another perfusion for ~8-10 min. 
The ventricles were cut into smaller sections with forceps, 
triturated, transferred to 15-ml conical tubes and centrifuged 
at 500 x g for 3 min. Subsequently, the calcium concentration  

was adjusted to 0.5 mM with 100 mM CaCl2. The cells were 
plated in petri dishes coated with Laminin (Invitrogen Life 
Technologies, Carlsabad, CA, USA). Dulbecco's modified 
Eagle's medium (DMEM; Hyclone, GE Healthcare Life 
Sciences, Logan UT, USA) was added to facilitate continued 
cell growth 1 h following plating.

Closed‑chest myocardial infarction procedure. IR was surgi-
cally induced as described previously (24). The mice were 
anesthetized by intravenous injection of pelltobarbitalum 
(0.5 mg/kg, Sigma-Aldrich, Carlsbad, CA, USA). Briefly, the 
closed‑chest left anterior descending coronary artery occlusion 
model of IR was used (45 min ischemia) and sham animals 
were subjected to identical surgical procedures, without coro-
nary occlusion.

Immunofluorescent and immunohistological analyses. CMs 
were fixed in 4% paraformaldehyde (PFA; Sigma‑Aldrich, 
St. Louis, MO, USA), washed in phosphate-buffered saline 
(PBS; Sigma‑Aldrich), incubated cells with primary antibodies 
at 4˚C overnight and then incubated with secondary antibodies 
for labeling. Cells were mounted with DAPI (0.4 µg/ml; cat 
no. H‑1200; Vector Laboratories Inc., Burlingame, CA, USA) 
in DMEM and viewed with a Leica‑TCS SP5 confocal micro-
scope (Leica Microsystems GmbH, Wetzlar, Germany).

Heart tissues were harvested at various time-points 
(days 2 and 30) following MI, fixed with 4% PFA at 4˚C over-
night and subsequently with 20% sucrose at 4˚C overnight. 
Optimum cutting temperature compound (Sigma‑Aldrich) 
was used to freeze the samples. The slides were incubated 
with primary antibodies at 4˚C overnight and then incubated 
with secondary antibodies for labeling. Slides were mounted 
with DAPI (Vector Laboratories, Inc.), and all images were 
acquired using a Leica‑TCS SP5 confocal microscope (Leica 
Microsystems GmbH).

The primary antibodies used were as follows: Rabbit poly-
clonal anti‑mouse proliferating cell nuclear antigen (PCNA) 
antibody (1:2,000; ab2426; Abcam, Cambridge, UK), mouse 
monoclonal immunoglobulin G1 cardiac troponin T‑cTnT 
(clone 13‑11; Thermo Fisher Scientific, Waltham, MA, USA) 
and rabbit polyclonal anti‑Ki67 antibody (1:2,000; ab15580; 
Abcam). Goat anti‑rabbit and anti‑mouse secondary anti-
bodies were coupled with Alexa 488, Alexa 555 or Alexa 633 
(1:3,000; Invitrogen Life Technologies). 

Reverse transcription-quantitative polymerase chain reac‑
tion (RT-qPCR) analysis of miRNA expression. RNA was 
purified using an miRNAease Mini Purification kit (Cat 
no. 217004; Qiagen, Hilden, Germany), cDNA synthesis was 
performed with a cDNA synthesis kit (cat no. G269; Applied 
Materials Inc., Santa Clara, CA, USA) and RT‑qPCR was 
performed using an EvaGreen miRNA qPCR Mastermix‑ROX 
kit (cat ID, Mastermix‑ms; Applied Material Development, 
Inc.), according to the manufacturer's instructions and using 
Eppendorf® Realplex  2 miRNA primers: miR‑1 (cat no., 
MPM00015) and miR‑195 (cat no., MPM00177), purchased 
from Applied Material Development, Inc.

Echocardiography analysis. Two and 30  days following 
IR, transthoracic echocardiography was performed using 
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a cardiovascular ultrasound system (Vivid  7; General 
Electric Co., Fairfield, CT, USA) with a 10‑MHz linear‑array 
transducer. Animals were weighed and anesthetized with 1.5% 
isoflurane and placed on a warm blanket. Cardiac long‑axis 
and short‑axis views were obtained in the two‑dimensional 
mode and M‑mode tracings were recorded. Left ventricle (LV) 
end‑systolic dimension (LVESD), LV end‑diastolic dimension 
(LVEDD), interventricular septal thickness in the diastole 
(IVSd) and LV posterior wall thickness (LVPW), analyzed 
in the M‑mode tracings at the papillary muscle level, were 
measured in a minimum of three consecutive cardiac cycles. 
Percent LV fractional shortening (%FS) was calculated as: 
%FS =(LVEDD‑LVESD)/LVEDDx100. Researchers who 
performed echocardiograms and measured echocardiographic 
parameters were blinded to the identity of KO mice among 
groups. Echocardiographic parameters were re‑measured by an 
additional blinded researcher and found to be consistent.

Analysis of scar size post‑MI. Scar size was measured 30 days 
following IR using a protocol based on a previously described 
method (25). Briefly, mouse hearts were arrested in the diastole 
with saturated KCl (2 ml, 1 mol/l; Tiangen Biotech Co., Ltd., 
Beijing, China), which was injected into the left ventricular 
chamber, removed, embedded in O.C.T. compound and frozen. 
Hearts were subsequently sliced transversely to a 10‑µm thick-
ness with 300 µm between sections. Sections from the apex to 
the base of the ventricle were stained with Masson trichrome 
(Wuhan Boshide Biological Engineering Co., Ltd., Wuhan, 
China) to determine infarct size with the midline arc length 
method (15,25). Sections were scored blindly to evaluate the 
extent of fibrosis (15).

Statistical analysis. Values are presented as the mean ± stan-
dard error. For the comparison of infarct size and miRNA 
expression between the KO and WT groups, the indepen-
dent‑samples t-test was used. For the comparison of LVFS, 
LVEDD and LVESD on days two and 30 between the KO 
and WT mice, a two-way analysis of variance with Tukey's 
post hoc test was used. P<0.05 was considered to indicate a 
statistically significant difference. Statistical analyses were 
performed using SPSS version 19.0 (International Business 
Machines, Armonk, NY, USA).

Results

CM proliferation is induced in Cdkn2a KO mice. To evaluate 
whether the inactivation of p16INK4a and p19ARF influ-
enced adult mouse CM proliferation, CMs isolated from 
KO and WT mice were cultured for 1, 2 and 3 days prior 
to the detection of proliferation marker PCNA labeling. As 
indicated in Fig. 1, ~60‑70% CMs were positively labelled 
for PCNA in the KO mouse. There were no significant differ-
ences detected between the cells cultured for 1, 2 and 3 days. 
However, less PCNA-positive CMs were isolated from WT 
mice.

CMs in infarct region of KO mice demonstrate enhanced prolif‑
eration. To detemine whether the Cdkn2a deletion influenced 
CM proliferation in the cardiac injury region and improved 
recovery following cardiac injury, IR was induced in KO and 

Figure 1. Analysis of proliferation of CMs isolated from KO mice were 
cultured in vitro for two days for labeling of PCNA and cTnT. PCNA (red), 
proliferation marker; cTnT (green), CM-specific marker (magnification 
x200). KO, cyclin‑dependent kinase inhibitor 2A knockout; cTnT, cardiac 
troponin T; PCNA, proliferating cell nuclear antigen; CM, cardiomyocyte.

Figure 2. Analysis of proliferation in the infarct region of KO and WT mice 
in vivo following four days of reperfusion. cTnT/PCNA proliferation analysis 
was performed following four days of reperfusion in KO and WT mice. cTnT 
(green), CM-specifc marker; PCNA (red), proliferation marker. There were 
~60-70% CMs exhibiting positive PCNA labeling in KO mice following 
ischemia/reperfusion, but low levels in WT mice (magnification, x200). KO, 
cyclin-dependent kinase inhibitor 2A knockout; WT, wild-type; cTnT, cardiac 
troponin T; PCNA, proliferating cell nuclear antigen; CM, cardiomyocyte.

Figure 3. Analysis of scar size following 30 days of reperfusion in KO and WT 
mice. Scar sizes were analyzed at day 30 following ischemia/reperfusion in KO 
and WT mice. Scar size in KO mice was smaller than that in WT mice. Values 
are presented as the mean ± standard error of the mean. KO, n=9 and WT, 
n=11. *P<0.01 vs. WT. KO, cyclin-dependent kinase inhibitor 2A knockout; 
WT, wild-type.
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WT mice. PCNA labeling was analyzed following four and 
30 days of reperfusion, respectively. PCNA-positive CMs were 
detected in KO mice, whereas none were detected in WT mice. 
Of note, in KO mice, more PCNA-positive cardiomyocytes were 
detected following four days of reperfusion than following 30 
days of reperfusion (Fig. 2). However, PCNA-positive CMs were 
still detected following 30 days of reperfusion (data not shown).

Scar size as well as ventricular wall and heart function are 
improved in KO mice at day 30 post‑IR. To determine whether 
there were alterations in heart morphology and/or improve-
ments in heart function, infarct scar size and heart function 
were measured in KO and WT mice 30 days following IR 
injury. The results (Fig. 3) indicated that scar size was signifi-
cantly reduced in KO mice (n=9) compared with that in WT 
mice (n=10) (P<0.01).

Left ventricular FS% was measured by echocardiog-
raphy to evaluate heart function. There was no significant 
difference in the FS% between KO and WT mice following 
two days of reperfusion. FS% following 30 days of reperfu-
sion in KO mice was significantly greater than that in WT 
mice (Fig. 4A). Following 30 days of reperfusion, FS% was 
improved compared to that at day two post‑IR in KO mice, but 
was significantly reduced in WT mice (Fig. 4A). The LVEDD 
level in KO mice was significantly lower, as compared with 
in the WT mice (Fig. 4B). Furthermore, the LVESD level in 
the KO mice was also significantly lower, as compared with 
in the WT mice (Fig. 4C).

miR‑1 and miR-195 expression is downregulated in KO mice. 
To evaluate whether miR‑1 and miR‑195 expression levels were 
altered in the infarct region, RNA from the infarction and a 
remote region were analyzed for miR-1 and -195 expression 
using RT‑qPCR. As shown in Fig. 5, the results indicated that 
miR‑1 levels on day two post‑IR were decreased in the infarction 
region in KO and WT mice as compared with those in normal 
regions. However, miR‑1 and miR‑195 levels were significantly 
downregulated in KO mice compared with those in WT mice. 

Discussion

To the best of our knowledge, the present study was the first to 
demonstrate that CM proliferation in vitro and in vivo may be 
stimulated by inactivation of the Cdkn2a gene, and that inac-
tivation of Cdkn2a was able to promote functional recovery 
following IR injury in adult animals.

The Cdkn2a gene is stimulated following DNA damage 
and has a significant role in the prevention of aberrant cellular 
proliferation (26). It was previously hypothesized that inac-
tivation of Cdkn2a and ARF gene expression may promote 
tissue regeneration by inducing an increase in stem cell 
self‑renewal (27,28), decreasing phenotype-associated senes-
cence, including enhancing the production of fibrosis‑inducing 
factors by fibroblasts and epithelial cells (29), and the induc-
tion of dedifferentiation and proliferation of somatic cells 
following injury (13,30).

Figure 4. Evaluation of heart function by echocardiography at baseline on days two and 30 post‑IR (A) LVFS, (B) LVEDD and (C) LVESD. Values are 
expressed as the mean ± standard error of the mean. KO, n=9 and WT, n=11. *P<0.01 vs. WT. LVFS, percentage of LV fractional shortening; IR, isch-
emia/reperfusion; LVESD, left ventricle end‑systolic dimension; LVEDD, left ventricle end‑diastolic dimension; WT, wild-type; KO, cyclin-dependent kinase 
inhibitor 2A knockout.

Figure 5. miRNA-1 and -195 expression following two days of reperfu-
sion in KO and WT mice. RNA was purified from the infarct and normal 
regions of KO and WT mice following two days of reperfusion and used to 
synthesize complementary DNA. RT‑qPCR results in the infarction region 
are displayed as the percentage of levels in the normal region. miR‑1 and 
-195 levels in the infarction region in KO mice were lower than those in 
WT mice. Values are presented as the mean ± standard error of the mean. 
n=5, per group. *P<0.01 vs. WT. WT, wild-type; KO, cyclin-dependent 
kinase inhibitor 2A knockout; RT-qPCR, reverse transcription-quantitative 
polymerase chain reaction; miRNA, microRNA.
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In the present study, it was demonstrated that the 
inactivation of Cdkn2a influenced adult mouse CM prolif-
eration in vivo and in vitro, and improved recovery following 
IR-induced cardiac injury. The results revealed that 60‑70% 
of CMs isolated from adult KO mice were positively labeled 
for PCNA at culture days one, two and three. However, no 
PCNA-positive CMs were isolated from WT mice. The results 
of the present study also indicated that following 30 days of 
reperfusion, heart function was improved and scar size was 
reduced in KO mice compared with that in WT mice.

To date, the molecular mechanisms underlying CM 
cell cycle exit and permanent growth arrest have remained 
elusive. Rb has previously been implicated in regulating cell 
cycle exit, as well as the irreversibility of cell cycle arrest in 
skeletal muscle (13,31). Rb knockout induced fibroblasts to 
transdifferentiate into skeletal myoblasts in vitro (32,33). The 
deletion of Rb during differentiation results in the formation 
of normal multinucleated myotubes; therefore, Rb appears to 
be uniquely required for normal cell cycle control and differ-
entiation  (34). CMs from cardiac-restricted Rb-deficient 
mice develop normally and do not exhibit defects in the 
cardiac cell cycle (35). These observations therefore suggest 
that Rb and p130, or Rb together with other genes, may have 
critical roles in the regulation of cardiac myocyte cell cycle 
exit  (34,35). In agreement with the results of the present 
study, previous studies have indicated that the inactivation of 
Rb and ARF lead to mammalian muscle cell cycle re-entry, 
loss of differentiation properties and upregulation of cytoki-
netic machinery (13).

A study has also indicated that Erb2 may be involved 
in the regulation of CM proliferation  (14). Injection of 
cardiac progenitor cells into the infarct zone on day three 
post‑MI reduced scar size and improved heart function at 
day 30 (36,37). The results of the present study indicated 
that inactivation of Cdkn2a promoted CM proliferation in 
the infarct region post‑MI, subsequently enhancing cardiac 
muscle regeneration to improve heart function following 
cardiac injury.

Increasing evidence has indicated that miRNAs are able 
to regulate cellular function, including cell proliferation, 
migration, differentiation and apoptosis (38,39).

The results of the present study indicated that INK4a 
and ARF elimination improved heart function by enhancing 
myocardial regeneration via the regulation of miRNA expres-
sion, including miR‑1 and ‑195. ,miR‑1 has been suggested to 
modulate the balance between the levels of differentiation and 
proliferation of cardiac precursor cells during cardiogenesis 
by targeting Hand2, a transcription factor which promotes 
the expansion of ventricular CMs (19,20). miR‑195 is part 
of the miR‑15 family, which comprises miR‑15a, miR‑15b, 
miR‑16‑1, miR‑16‑2, miR‑424 and miR‑497. A study previ-
ously indicated that miR‑15 family members inhibit cell 
proliferation (21).

The present study demonstrated that the reduced expres-
sion levels of miR‑1 and miR‑195 in cyclin-dependent kinase 
inhibitor 2A KO mice may aid the enhanced CM prolifera-
tion. However, further study is required in order to verify this 
function.

The results of the present study, evaluating the INK4a/ARF 
deletion, did not differentiate between the effects of p16 

and p19, and therefore the results may be perturbed by the 
pleiotropic effects of the gene knockout. Future experiments 
utilizing p16- and p19-selective KO mice are required to 
provide definitive evidence regarding whether the regenera-
tive effects observed are mainly mediated by one or the other 
of these genes.

Regeneration of cardiac mass appears to be significant 
in numerous pathological conditions associated with CM 
loss, including MI, heart failure and dilated cardiomy-
opathy (40,41). Therefore, the observation that deletion of the 
Cdkn2a gene has the potential to improve cardiac function 
following MI injury is of significant translational value. 
Specific miRNAs to inhibit Cdkn2a RNA gene expression 
may be developed in order to improve CM regeneration for 
the treatment of multiple types of cardiac injury.
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