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Abstract

Neonatal mammalian heart has been shown to possess the capacity to regenerate substantially after an injury. This remarkable
regenerative capacity is lost in a week. This transition has been marked with cardiomyocyte cell cycle arrest and induction
of fibrotic response similar to what occurs after myocardial infarction in adult hearts. Recent studies outlined the function of
several cardiogenic factors that play a pivotal role in neonatal cardiac regeneration. However, underlying molecular mecha-
nisms of neonatal cardiac regeneration and other cardiogenic factors remained elusive. Here, we investigated the involvement
of novel putative cardiogenic factors in neonatal cardiac regeneration and cardiomyocyte cell cycle withdrawal. We have
shown that Cbl, Dnmt3a, and Itch are significantly downregulated during neonatal cardiac regeneration process after cardiac
injury in vivo. Intriguingly, several of studied factors are upregulated in non-regenerative period of 7-day-old mice after
cardiac injury. Knockdown of Cbl, Dnmt3a and Itch in rat neonatal cardiomyocytes lead to the induction of cardiomyocyte
proliferation. Cardiomyocyte proliferation accompanies upregulation of positive regulators of cardiomyocyte division and
downregulation of CDKIs. Taken together, our findings suggest that Cbl, Dnmt3a, and Itch may be involved in the regulation
of cardiomyocyte cell cycle withdrawal and may represent new targets for the induction of cardiac regeneration.
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Introduction

Studies using mammalian heart regeneration models have
shown that after resection of the almost entire ventricular
apex or induction of myocardial infarction (MI) by ligat-
ing left anterior descending (LAD) arteria, the neona-
tal mouse heart was able to regenerate completely with
minimal fibrosis in the site of injury [1, 2]. Both types of
injury resulted in regeneration by induction of immune
cell response and switched on unique transcriptional pro-
gram leading proliferation of cardiomyocytes, without
fibrosis [3, 4]. Interestingly, this regenerative phenomenon
overlaps with cardiomyocyte cell cycle arrest in neonatal
mouse and one week after birth the mouse heart is not able
to initiate regeneration after injury [1, 2]. These results
have shown for the first time that a mammalian heart is
able to regenerate itself completely. This model has been
a powerful model to examine cardiomyocyte proliferation
and neonatal heart regeneration regulators, thereby allow-
ing the discovery of the regenerative capacity in the human
heart. This mammalian cardiac regeneration model has
also been used to elucidate the role of Meisl in cardio-
myocyte cell cycle arrest [5].

In our previous studies, we have discovered a new mod-
ulator (Meis1) effective in cardiomyocyte cell cycle arrest
and neonatal cardiac regeneration using neonatal mamma-
lian cardiac regeneration models [5, 6]. However, the sign-
aling pathways and other molecular mechanisms involved
in neonatal mammalian cardiac regeneration after MI has
not been fully defined. Previous studies have shown that

Meis1 and Hif-1a genes play an important role in the regu-
lation of cell cycle and metabolic activities of hematopoi-
etic stem cells (HSC) [6, 7]. Silencing Meisl and Hif-1a
genes specifically in HSCs increased their proliferative
capacity. Similarly, we have shown that the expression
of Meisl gene is increased in the heart in the first week
after birth resulting in cardiac cell cycle arrest [5]. In vitro
knock down of Meisl in cardiomyocytes or specific in vivo
knock out have resulted in increased cardiomyocyte prolif-
eration. Moreover, using chromatin immunoprecipitation
(CHIP) experiment, Meis1 was reported to be interacting
and cooperatively working with Hoxb13 to induce cardio-
myocyte proliferation [8]. Our in vivo studies have shown
that Meisl is involved in cardiac regeneration following
apical resection and MI in neonatal mice. In this process,
we found that Meis1 transcriptionally regulates cyclin-
dependent kinase inhibitors INK4a locus genes, p21, and
others. To this end, to determine potent modulators of neo-
natal cardiac regeneration similar to Meis1, we studied and
identified potent factors based on their loss-of-function in
a quiescence cell type i.e., hematopoietic stem cells and
their potent expression during cardiac development. Bioin-
formatical and literature curation studies led to identifica-
tion of four potent factors; Inpp5d, Itch, Dnmt3a, and Cbl.

Inpp5d (inositol-5-phosphatase, akas SHIP1) belongs to
the SH2 domain containing protein family, which demon-
strates a negative regulatory role in hematopoiesis [1]. Izch,
an E3 Ubiquitin ligase, acts as a transcriptional corepressor
of p45/NF-E2 and is a negative regulator of hematopoietic
stem cell (HSC) expansion [2]. Itch knockout mice showed
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an increase in HSC proliferation and repopulation [3].
Dnmt3a is involved in DNA methylation by adding methyl
groups to specific CpG regions. Studies using conditional
ablation of Dnmt3a in animals have shown an increase in
the number of HSCs in bone marrow [4, 5]. These findings
suggested that Dnmt3a is a critical regulator of the epige-
netic mechanisms causing HSC proliferation. Cbl, on the
other hand, encodes a RING finger E3 ubiquitin ligase thus
it plays a role in ubiquitination. Chl mutations have been
shown to be associated with myeloproliferative disorders
(MPD). Moreover, in a recent study, the association between
the combined deletion of Cbl and Cbl-b, and expansion of
the HSC pool and MPD development was reported [6]. Cell
cycle analysis with HSC from Cbl knockout mice showed
reduced stasis and cell cycle entry. Studies have shown that
loss-of-function of these modulators play a significant role
in the increase of stem cell population. Moreover, higher
expression of these factors in the heart tissue is associated
with microarray studies. Based on these findings and bioin-
formatical analysis of gene expression during cardiac devel-
opment, Inpp5d, Itch, Dnmt3a, and Cbl were determined
as putative cardiogenic factors and further investigated for
their involvement in neonatal cardiac regeneration and car-
diomyocyte cell cycle arrest.

Materials and Methods
RNA Isolation and Real-Time qPCR

Expression of putative cardiomyocyte cell cycle modula-
tors in the cardiac tissue and other organs was analyzed
with real-time qPCR method as previously described [5,
6]. Briefly, tissues were collected from mice after eutha-
nasia and sacrifice. Collected samples were powdered in
liquid nitrogen by mortar; and then, RNA was isolated by
trizol method. Samples were homogenized in a solution
(Trizol, Sigma, Cat. No: T9424) containing 1 mL guani-
dine thiocyanate with a syringe. Then, isopropanol and
ethanol washes were performed. RNA concentration was
determined using NanoDrop (ThermoFisher). From each
tissue, total of 5 pg RNA sample was converted into cDNA
using random primers and ProtoScript II First Strand

cDNA Synthesis Kit (NEB, Cat. No: E656). Briefly, RNA
was incubated for 5 min at 65 °C with random hexam-
ers. After addition of enzyme and reaction mix into ran-
dom hexamer and RNA mixture, incubation was applied
at 25 °C for 10 min, at 50 °C for 50 min and at 85 °C
for 5 min consecutively. Samples were stored at — 20 °C
after dilution. Each gene specific primers (Table 1) were
determined using NIH primer depot (http://mouseprime
rdepot.nci.nih.gov) and ordered from Sentebiolab, Tur-
key. Desired gene regions were amplified from cDNAs
with Bio-Rad FX96 TouchTM Real-Time qPCR Detec-
tion System (95 °C X 10 min, 95 °Cx 10 s, 60 °Cx20 s,
72 °Cx 30 s, 30 cycle). The expression of each amplified
putative modulator gene was normalized by GAPDH con-
tent using AACt method.

Western Blot Analysis

After powdering tissue samples in liquid nitrogen by mor-
tar, tissue samples were lysed with RIPA Lysis Buffer
(Santa Cruz, CA, USA) containing PMSF and protease
inhibitors and homogenized using sonicator. In addition,
proteins were isolated from cardiomyocyte, fibroblast and
aorta tissue of adult heart with EASYCELL-CM Langen-
dorff Machine and 1% collagenase enzyme. After measure-
ment of protein concentration with Pierce™ Coomassie
(Bradford) Protein Assay Kit (Cat. No: 23200), protein
samples were prepared as 30 pg and mixed with 4X Lae-
mmli Sample Buffer (BIO-RAD, Cat. No: 1610747) and
incubated at 95 °C for 5 min. Protein samples were loaded
into 8—12% polyacrylamide gel and run at 120 V. Bands
were transferred to PVDF membrane at 350 mA for 70 min.
Membranes were blocked for 1 h at room temperature with
either 5% milk or 5% BSA solution according to antibod-
ies. After overnight primary antibody (Actin 1:1000 in
5% BSA, Dnmt3a 1:500 5% BSA, Cbl 1:200 in 5% milk,
Ship1 1:200 5% BSA, Itch 1:200 in 5% milk) incubation at
4 °C, membranes were washed 10 min with TBST for three
times. HRP-linked secondary antibody (1:1000 in 5% milk
or 5% BSA solution according to primary antibody) incu-
bation was performed for 2 h at 4 °C. After washing mem-
brane 10 min with TBST for three times, protein expression

Table 1 Primers used in real-

time PCR Gene Forward primer (5'-3") Reverse primer(5'-3")
mlnpp5d GTGAAGAACCTCATGGGGAC GCTGTTCCGGAATTGTGTTT
mltch CCTTATGTAGAAGTCACAGTAG TCACCTACAAGCTGCAAAGTCA
mDnmt3a TACATCAGCAAACGGAAACG CCTCCTCCACCTTCTGAGACT
mCbl TTCCAGCACTTCTCCACCAT GATCGGGCTCATGAAGGAC
mGAPDH TTGATGGCAACAATCTCCAC CGTCCCGTAGACAAAATGGT
mmouse
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level was detected with Cell Signaling (Signal fire) ECL
and Bio-Rad ChemiDoc MP System.

Isolation and ex vivo Culture of Adult Cardiac Cells

After aorta (composed of endothelial cells and smooth mus-
cle cells) was taken from adult mouse hearts by a micro
scissor, and then samples were crushed with a mortar. Half
of it was mixed with 1 mL of Trizol and stored at — 80 °C
for RNA isolation, and the other half was stored in — 80°
in RIPA lysis buffer for Western blot analysis. The adult
cardiac tissue was treated with collagenase to obtain fibro-
blasts and cardiomyocytes as we have previously described
[5, 6]. Fibroblasts were separated from the cardiomyocytes
using PRIMARI cell plates. In addition, for collection of
viable and pure cardiomyocytes from adult mouse hearts,
EASYCELL-CM (Harvard apparatus) system was used.
Following enzymatic perfusion of the heart, the cells were
collected and left for gravity settlement. The pellet that was
formed within 5 min (containing cardiomyocytes) were sep-
arated and the cells were evaluated under the microscope.
Thereafter, half of the cells was mixed with 1 mL of Trizol
and stored at — 80 °C for RNA isolation, and the other half
was stored at -80° in RIPA lysis buffer for Western blot anal-
ysis. The solution that contains fibroblasts was seeded in two
separate PRIMARI cell culture dishes (10 cm). The adher-
ing fibroblasts were allowed to grow for 3-5 days in cell
culture. One dish containing fibroblasts was used for RNA
isolation with Trizol. The fibroblasts in the other dish were
harvested by RIPA lysis buffer and stored at —80° for West-
ern blot analysis. RNA isolation, Western blot analysis and
RT-qPCR studies were performed as previously described.
The expression of putative cardiomyocyte cell cycle modu-
lators were analyzed in cardiomyocytes, cardiac fibroblasts,
and in endothelial cells isolated from the aorta.

Immunohistochemical Staining of Cardiac Tissue

Immunohistochemistry studies were performed on paraf-
fin sections like in previous studies [1, 5]. Adult mice
hearts were incubated overnight in neutral formaldehyde
at 4 °C. Similarly, 4 days after myocardial infarction,
hearts were collected from 7-days-old (regenerating con-
dition) and 11-day-old mice (non-regenerating condition).
On the following day, samples were hardened by being
kept in tissue embedding station before paraffin applica-
tion. A slice having 5 pM thickness were cut from sam-
ples and then transferred on poly-L-lysine slides. Before
incubating slides in xylene solution at 15-25 °C for
15 min twice, they were heated in the oven for 15 min at
65-75 °C. Rehydration step was performed in decreasing
concentrations of ethanol; and then, slides were blocked
in 1% BSA for 30 min. After 30 min boiling in sodium

citrate solution (pH 6.1), slides were incubated overnight
at 4 °C with cardiac troponin T (Thermoscientific, MS-
295-P1, 1:200 dilution) and primary antibodies specific to
putative cardiomyocyte cell cycle modulators. Next day,
detection was performed using Alexa Flour 488 donkey
anti-mouse and Alexa Flour 555 anti-rabbit secondary
antibodies (1:500) and DNA marker Hoechst 33,342 dye.
Putative modulator expression in cardiomyocytes found
in TnnT + regions was observed under 40X with fluo-
rescence microscope. On the other hand, expression of
non-cardiomyocyte cells was observed in TnnT- regions.

Neonatal Myocardial Injury

Neonatal MI procedure was applied to 3- and 7-day-old
mice as previously described [2, 9]. In this procedure,
ligature was applied to LAD of neonatal mice with sur-
gical polyethylene 7-0 suture in order to induce myocar-
dial infarction. Alternatively, by apical resection, tissue
damage was provided by taking 15% slice from surface of
heart left ventricle. Thoracotomy was also applied without
any ligature or apical resection to control groups (sham).
Briefly, mice were awaited for <5 min in ice as anesthesia
and thorax was opened with thoracotomy to perform LAD
ligation. With the help of 6-0 sutures, thorax was closed
and described procedure was completed in less than 5 min.
After surgery, mice were waited on a heat pad (37 °C) and
put into cage where mother mouse was found. Furthermore,
in order to prevent cannibalism, olfactory perception of
mother mouse was manipulated with menthol smell.

Rat Neonatal Cardiomyocyte Isolation and Culture

Hearts of 1-2-day-old rats were removed in laminar flow
hood and only ventricular parts of the hearts were put
into digestion solution containing 0.1% Pancreatin. After
shaking at 100-120 rpm for 20 min at 37 °C, they were
centrifuged at 2000 rpm for 10 min. Fibroblasts found in
pellet were removed by being seeded on 4 X 10 cm BD Fal-
con PRIMARIA tissue culture dish (Cat. No: 353803) and
incubated for 2 h at 37 °C. Cells were collected slowly and
filtered through 70-100 pm filter. 500,000 cells/mL were
seeded on plate coated with gelatin with myocyte media (3:1
DMEM: M199, Pen/Strep, L-Glutamine (2 mM), 10% Horse
Serum, 5% FBS) and incubated at 37 °C in incubator having
5% CO2.

siRNA Treatments and Gene Expression Analysis
12 pl lipofectamine (Invitrogen) and 50 nM siRNA for each

putative cardiomyocyte cell modulators (Table 2) were
incubated in 200 pL serum-free media at room temperature
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for 20 min. Silencer Select Pre-designed siRNAs (NegCon-
trol siRNA, Applied Biosystems, Ambion) were used as a
control. siRNAs were added drop by drop and 6 h incu-
bation was performed. 3-5 days later, cells were collected
with trypsin and stored in TRIZOL until RNA isolation.
RNA isolation was performed according to manufacturer’s
protocol (Qiagen, RNeasy Mini Kit). 2 pg RNA was con-
verted into cDNA with SuperScript III RT system (Invit-
rogen). Using primers (Table 3) which were designed for
rat and SyberGreen (Applied Biosystems), real-time qPCR
was performed in BioRad Mycycler. GAPDH was used as
a housekeeping gene in normalization of gene expression
using AACt method. Gene expression levels of CDKIs
including P15INK4b, P16INK4a, P19AR, P18, P21, P27,
and P57 genes in Cbl siRNA treated cardiomyocytes were
determined.

Immunocytochemistry

Cardiomyocytes were grown until they form 50-70% conflu-
ency (5% 10° cells/wells of 6-well plate). siRNA treatment was
performed as previously described. After treatment, cardio-
myocytes were fixed on slide with 4% PFA (5 min, at room
temperature). Thereafter, cells were permeabilized in 2 min
with 0.1% Triton at room temperature. After 30 min blocking
with 3% goat serum and washing, they were incubated at room
temperature with phospho-histone H3 (PH3, mitosis marker,
Ser10, 1:100, rabbit polyclonal, Millipore, MA), Aurora B
(cytokinesis marker, 1:25, rabbit polyclonal, Sigma, MO) and
cardiac troponin T (TnnT, cardiomyocyte marker, Thermosci-
entific MS-295-P1, 1:100, mouse monoclonal). Alexa Fluor
488 donkey anti-mouse (Invitrogen, Cat. No: A-21202, 1:400)
and Alexa Fluor 555 donkey antirabbit (Invitrogen, 1:400)
secondary antibodies and Hoechst 33,342 (Invitrogen, CA)

Table 2 Validated siRNA nucleotide sequences

siRNA

Sense sequence 5'-3'

Antisense sequence 5'-3'

SHIP1 siRNA
Dnmt3a siRNA
CBL siRNA

ITCH siRNA
NegControl siRNA

5'CCGAGUCCUCUGGAAGUCU[dT][dT]
5'GCAGACCAACAUCGAAUCCAIAT][AT]
5'CCACACAAUAAACCGCUCU[AT][dT]
5'GAAGACGUUUGUGGGUGAUIAT][dT]
5'AAUUCUCCGAACGUGUCACGU

5'AGACUUCCAGAGGACUCGGIAT][dT]
5S'UGGAUUCGAUGUUGGUCUGC[AT][dT]
5S'AGAGCGGUUUAUUGUGUGG[dT][dT]
5S'AUCACCCACAAACGUCUUCIATI[AT]
5'ACGUGACACGUUCGGAGAAUU

Table 3 Primers used for gene
analysis

@ Springer

Gene Forward primer Reverse primer

rstat3 TCGGAAAGTATTGTCGCCCC GACATCGGCAGGTCAATGGT
rstatSa GCCCTCAGGCTCACTACAAC AAAGGCGGGGGTCAAGACT
rstat5b GTGTGAGCCCGCCACC GACAAACTCGGGGACCACTT
rYapl TTCGGCAGGCAATACGGAATA CTAATTCCCGCTCTGACGGT
rErbb2 ATCATCATGGAGCTGGCGG ACTTCATGTCTGTGCCGGT
rErbb4 TTTACTACCCATGGACGGGC CAGGATGAAGAGCCCACCAA
rp27kip TTCGACGCCAGACGTAAACA CATTCAATGGAGTCAGCGATATGT
rCyclin D2 CCAAGATCACCCACACCGAT TCTTCCACAGACTTGGAGCC
rcyclin B1 TGGTGGTGATCCAAACCTCTG TTCCAGTGACTTCACGACCC
rfgf10 GCGGGACCAAGAAGGAAAAC TTGACGGCAACAACTCCGA
rPeriostin GGAGAAGTCCCTGCACGAAA AACAAGGTCCAATCTCCGGG
rGAPDH ACAAGATGGTGAAGGTCGGTGT GGCACAGTCAAGGCTGAGAATG
rActB GAAGTGTGACGTTGACATCCG TGCTGATCCACATCTGCTGGA
rP15INK4b AGTTGGGTTCTGCTCCGT AGATCCCAACGCCGTCAACC
rP16/rP19 AGCGGGGACATCACGACGT AACTTAGCGCTGCTTTGGGG
P18 AATGACAGCAAAACCAGTTC AAATGGATTTGGGAGAACTGC
P21 CCATGTCCGATCCTGGTGAT ATCGCGGCTCAACTGCTCAC
P27 CGGGGAACCGTCTGAAACATT ATCGCGGCTCAACTGCTCACG
P57 TTCTCCTGCGCAGTTCTCTT CTGAAGGACCAGCCTCTCTC
rGAPDH ACAAGATGGTGAAGGTCGGTGT GGCACAGTCAAGGCTGAGAATG
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were used for detection. GE Cytell automated Fluorescence
Microscope was used to determine Ph3 + TnnT + and Auro-
raB +TnnT + cardiomyocyte numbers.

Statistical Analysis

Results were analyzed with Student’s ¢ test for any significant
difference p <0.05 was considered significant compared to
control or untreated samples.

Results

Analysis of Putative Cardiomyocyte Cell Cycle
Modulators in Cardiac Tissue in Comparison to Other
Organs and Tissues

Bioinformatical and literature curation studies of potent
cell cycle modulators related to cardiomyocytes have
led us the initial identification of putative cardiomyo-
cyte cell cycle modulators. These factors were selected
based on their loss-of-function in a quiescence cell type
i.e., hematopoietic stem cells and their potent expression

A Gene expression analysis in organs
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during cardiac development. To this end, we have ana-
lyzed the expressions of four of these potent modulators
including Inpp5d (SHIP), Itch, Dnmt3a, and Cbl genes in
the adult heart in comparison to kidney, skeletal muscle,
intestine, brain, liver, lung, bone, and spleen with real-time
gPCR (Fig. 1A). Itch, c-Myc, Inpp5d, Dnmt3a, and Cbl
gene expressions were validated. Furthermore, Meis-1, a
known negative modulator of neonatal cardiac regenera-
tion [5], was analyzed alongside and it was shown that it is
expressed in heart and skeletal muscle as well as in other
organs (Figure S1). Expression levels of each gene in heart
was analyzed with real-time qPCR and normalized accord-
ing to GAPDH. It was detected that Chl is more expressed
than studied genes (Fig. 1A). In addition to real-time
qPCR, gene expressions were studied with Western blot
in several adult mice tissues. Detection of CBL, Dnmt3a
and Itch proteins in heart was validated (Fig. 1B). Expres-
sion of INPP5D in the heart was barely detected (Fig. 1B).

We have also characterized the expression these putative
cardiomyocyte cell cycle modulators in different cardiac cell
types. Expressions of Inpp5d, Itch, Dnmt3a, and Cbl genes
in cardiac endothelial cells, cardiomyocytes and cardiac
fibroblasts were analyzed (Fig. 1C). Inpp5d, Itch, Dnmt3a
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and Cbl had higher expression in cardiomyocytes in com-
parison to cardiac endothelial cells. Intriguingly, Itch had
higher expression in cardiomyocytes in comparison to car-
diac fibroblasts or endothelial cells. For the same cell types
and genes, gene expression was also confirmed with Western
blot (Fig. 1D). It was observed that Dnmt3a and Cbl genes
were expressed at different levels in different cell types of
heart. CBL protein was clearly detectable in cardiomyocytes
at high level. SHIP could not be detected by Western blot
in cardiomyocytes. Moreover, high expression level of Itch
was observed in endothelial cells.

Expression of same genes in endothelial, cardiomyocytes
and cardiac fibroblasts were verified by immunohistochem-
istry in the cardiac tissue sections by staining with TnnT2
as a cardiomyocyte marker (Figure S2). SHIP was detected
in cardiomyocytes (TnnT + cells) (Figure S2A). Itch protein
was detected in cardiomyocytes (Figure S2B). Itch protein
displayed negative staining in fibroblast and endothelial cells
(DAPI + TnnT- cells) (Figure S2B). Dnmt3a was found in
nucleus as expected, but it was not particularly in cardio-
myocytes (Figure S2C). CBL was detected in cardiomyo-
cytes but it was not generally observed in cardiac fibroblasts
(Figure S2D).

Differential Expression of Putative Cardiomyocyte
Cell Cycle Modulators During Neonatal Cardiac
Regeneration

Four different putative cardiomyocyte cell cycle modula-
tors Inpp5d, Itch, Dnmt3a, and Cbl, were further investi-
gated for their differential gene expression during neonatal

Fig.2 Neonatal cardiac injury
and analysis of gene expression.
A The experimental plan to
study differential gene expres-
sion between regenerative and
non-regenerative periods in
neonatal cardiac injury mouse

cardiac regeneration. We hypothesized that, in regenerat-
ing mouse hearts, these modulators are to be reduced in
expression, while in non-regenerating mouse hearts there
would be an increase in expression or at least no signifi-
cant change would occur. To this end, we have performed
LAD ligation to induce MI during regenerative and non-
regenerative windows. The surgical operations in neonatal
mice were performed as we have done previously [2, 9].
MI was performed in < 3-day-old (regenerating heart, P3)
and 7-day-old (non-regenerated heart, P7) neonatal mice. In
neonatal mice, MI was induced by LAD ligation, which is
physiologically more similar to cardiac infarction (Fig. 2A).
After fours day following the operations, cardiac tissue was
harvested. Gene expression levels in regenerating (P3) and
non-regenerating heart (P7) tissues were determined by real-
time qPCR analysis. It was determined that the expression
of Inpp5d, Dnmt3a, and Cbl were decreased during cardiac
regeneration as expected (Fig. 2B). While itch showed no
difference in gene expression during the regenerative win-
dow in comparison to sham-operated heart, the expression of
itch was significantly increased in the non-regenerative win-
dow (Fig. 2C). Similarly, in the absence of cardiac regenera-
tion, Inpp5d, and Dnmt3a expression were increased com-
pared to sham. These findings suggest that the decreased
expression of the Inpp5d, Dnmt3a, and Cbl genes during
heart regeneration and increased expression during the non-
regenerative window, they could have a negative effect on
cardiac regeneration. RNA expression may not always cor-
relate with protein content. Thus, we performed Western blot
analysis of putative cardiomyocyte cell cycle modulators in
regenerative and non-regenerative period as well.
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To this end, tissue and protein samples were collected
from mice in regenerative (P3 Sham vs P3 LAD groups)
and non-regenerative phases (P7 Sham vs P7 LAD groups),
and Western blot studies were performed for selected genes
(Fig. 3A). It was confirmed that the protein content was sig-
nificantly decreased during cardiac regeneration for the Itch,
SHIP, Dnmt3a and CBL proteins (Fig. 3B). On the other
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and samples were collected after four days. Quantification of selected
putative cardiomyocyte cell cycle modulators during B Regenerative
Period and C Non-Regenerative Period. n=3, *p <0.05, **p <0.01

hand, Itch and SHIP protein levels were increased in the
non-regeneration phase (Fig. 3C).

Although the amount of proteins expresses an increased
in activity, changes in the localization of proteins also needs
to be characterized. Therefore, immunohistochemical stain-
ing studies were performed and protein levels were investi-
gated in samples obtained from regenerated ad non-regener-
ated myocardium. Inpp5d is expressed in the cytoplasm of
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cardiomyocytes but not in fibroblasts (Figure S3). Itch pro-
tein shows more cytoplasmic localization in the myocardium
(Figure S4). No changes in localization were observed for the
control and LAD operated mouse samples, both for the P3
and P7 samples. ITCH was also not detected in fibroblasts
by IHC analysis. Some nuclear staining was observed in P3
samples for the Dnmt3a protein, but overall, this protein has
more of cytoplasmic localization (Figure S5). Dnmt3a was
not detected in fibroblast and endothelial cells. In P7 LAD
samples, there is a change in expression in cardiomyocytes,
and more nuclear positive cells are observed. Although we
observed a decrease in the amount of protein in Western blot
studies, the increased nuclear localization of Dnmt3a during
the non-regenerative phase is consistent with our hypothesis.
Indicating that Dnmt3a is a putative negative cardiac regenera-
tion regulator, and this may be related to the increased nuclear
localization for non-regenerative samples. The CBL protein
largely shows a cytoplasmic profile in immunohistochemistry
studies (Figure S6). Nuclear staining was not readily observed.
CBL is highly present in cardiomyocytes, whereas a negative
staining was observed in fibroblasts and endothelial cells. On
the other hand, based on the overall light intensity that we
observed, our results show a higher expression of CBL in P7
LAD samples compared to the other conditions.

Effect of Putative Cardiac Modulators
on Cardiomyocyte Proliferation by siRNA Treatment

In order to study the effect of putative cardiac modulators on
cardiomyocyte proliferation, siRNA knockdown was done.
It was shown that target gene expression was decreased at
least 60% by three siRNAs (Fig. 4A). Effect of siRNAs was
also confirmed by Western blot (Figure S7A-D). Then,
rat neonatal cardiomyocyte cells were freshly isolated and
treated with corresponding siRNAs. After 3 days, cells were
fixed with paraformaldehyde and proliferating cardiomyo-
cytes were analyzed by immunostaining with Anti-Tnnt2
and Anti-pH3 antibodies (Fig. 4B). Itch and Dnmt3a siR-
NAs induced cardiomyocyte proliferation to some extent
(Fig. 4B). Cbl siRNA showed a distinct and significant
increase in proliferation (Fig. 4B). We have also analyzed
molecular pathway that Cbl modulates in cardiomyocytes
after Cbl siRNA treatment (Fig. 4C). It was found that the
expressions of genes negatively regulated by Cbl (Stat3,
Stat3a) have increased. In addition, there was an increase
in the expressions of positive regulators that has effect on
cardiomyocyte proliferation (Cyclin B1, Erbb4, Erbb2, Per-
iostin, and FgfI) and decrease in expressions of negative
regulators (p15, p19arf, p21, and p27kipl). These findings
outlined the identification and involvement of novel modula-
tor of neonatal cardiac regeneration.
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Discussion

Heart failure is a severe disease with a high mortality rate
that affects millions of patients worldwide. The most impor-
tant factor in the pathophysiology of heart failure is that the
human heart is not able to regenerate itself following an
injury. Contrary to this, the functional cardiomyocytes die
and are replaced by fibrotic tissue which causes the problem
related to cardiac function. Although the mammalian heart
has been known as a non-regenerative organ for decades,
there is growing evidence that it retains the capability to
renew cardiomyocytes during adulthood [10-13]. However,
this is not enough to cause a significant functional recovery
after injury. Regeneration of injured heart tissues requires
the formation of new cardiomyocytes, and these are formed
by preexisting cardiomyocyte proliferation [13]. The adult
mammalian heart contains limited numbers of dividing and
differentiating cells, which makes the study of mammalian
cardiac regeneration modulators difficult [13]. Studies with
mammalian heart regeneration models have shown complete
regenerative potential in neonatal mouse heart following
resection of the entire ventricular apex, myocardial infarc-
tion, or cryoinjury [1, 2, 14]. All types of injury may result
in regeneration by widespread proliferation of cardiomyo-
cytes, without hypertrophy and fibrosis. These findings have
shown for the first time regeneration in a mammalian heart
and opened a window to discover the potential regenerative
mechanism of the stationary human heart. Moreover, after
an injury, transcriptional changes in neonatal vs adult mouse
heart showed epigenetic modifications including chromatin
modifications around cell cycle genes are major obstacles to
start regenerative program in adult ones [15]. However, there
is insufficient information in literature about cardiogenic fac-
tors involved in neonatal cardiac regeneration.

In our previous studies, we have discovered a new modu-
lator, Meis|1, effective in cardiomyocyte cell cycle arrest and
neonatal cardiac regeneration, using neonatal mammalian
cardiac regeneration models [5, 6]. However, other signal-
ing pathways and other molecular mechanisms involved in
neonatal mammalian cardiac regeneration after MI have not
been fully defined. In this direction, we aimed to identify
new putative cardiomyocyte cell cycle modulators. Dele-
tion or knockdown of Meis1 gene in cardiomyocytes induces
cardiomyocyte proliferation. We studied cardiomyocyte cell
cycle modulators that normally arrest cardiac muscle in vitro
and in vivo and detected expression of potent putative cardi-
omyocyte cell cycle modulators in heart tissue, especially in
cardiomyocytes. The relationship of putative cardiomyocyte
cell cycle modulator expressions in regenerating < 3-day-old
mice heart after MI and non-regenerating 7 days-old mice
was studied.
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In the first week after birth, mouse cardiomyocytes dem-
onstrate dramatic changes in the differentiation of contractile
proteins to isoforms found in adult hearts, followed by the
induction of DNA synthesis without cytokinesis, and G0/
G1 cell cycle arrest. These changes result in bi-nucleation
of cardiomyocytes, which is a characteristic of maturation
[16, 17]. While cyclin-dependent kinase inhibitors are highly
prevalent in adult cardiomyocytes, the activity of positive
cell cycle regulators is decreased. These factors are affecting
cardiomyocyte cell cycle re-entry and have been suggested
as primary limiting factors for cardiac regeneration after
cardiac injury. On the other hand, some studies related to
the expression of periostin, neuregulin, Fgf1, and cell cycle
regulator cyclin D2 and the induction of Hippo, have demon-
strated that to some extent cardiomyocytes can be induced to
re-enter the cell cycle [18-22]. These studies show that it is
possible to develop therapeutic approaches targeting cardio-
myocyte cell cycle. Previous findings have reported that car-
diogenic factors such as IL3, FGF10, C3orf58, Oncostatin

natal cardiomyocytes by counting of TnnT2 & Ph3 double positive
cells. C Gene expression analysis related to Cbl pathway and cardio-
myocyte proliferation after Cbl sirna treatment. n=3, **p <0.01

M, TNF-induced apoptosis (TWEAK), and weak periostin
inducer result in increased number of cardiomyocytes [18,
23-26]. Gene manipulation studies involving p27KIP1,
mir-133a and Salvador homologue (Salv) knock out, have
resulted in increased cardiomyocyte proliferation assessed
with mitosis marker phospho-histone H3 (pH3) [20, 27, 28].
In addition, overexpression studies on c-myc, E1A, cyclin
B1-CDC2, cyclin A2, cyclin D2, Notch signalling pathway,
YAP, and ERBB2 have shown induction of cardiomyocyte
proliferation [22, 29-35].

Cell cycle is a vital process for all cell types and is com-
posed of a group of protein complexes. Major cell cycle
regulators are cyclin-dependent kinases (CDK), CDK inhibi-
tors (CDKI), CDK activating kinases (CAK), and retino-
blastoma (Rb) family proteins. The cyclin/CDK complex
has an important role as positive regulator of the cell cycle
and this complex requires activation by phosphorylation of
CAK. This complex is controlled by de CDKIs including
the Cip/Kip family, and the Ink4 family. The members of
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these families are linked to Cyclin-D/E/A-dependent kinases
and the CyclinD-CDK4/6 complex, respectively, and inhibit
their activity.

Most of the studies have shown that CDKI levels in adult
cardiomyocytes are increased, which associated with the
suppression of positive cell cycle regulators. Various stud-
ies have shown that Cdk2 and c-myc are cell cycle regula-
tors that increase the expression levels of cyclins such as
CDK4 and CDKs resulting in cardiomyocyte growth. In
addition, deletion of the CDKI p27Kipl or immunodeple-
tion of p21Cip1 in cardiomyocytes causes progression to
the S phase and thus results in cardiomyocyte proliferation
and an increase in heart size [21, 36]. The deletion of Meis1
induces the upregulation of CDKs and downregulation of
CDKIs such as p16, p15, p19AREF, p21, and p57. Moreover,
Meis1 deletion promotes upregulation of positive cell cycle
regulators such as MCM3, Checkl, and Ccnd2 and down-
regulation of the negative regulators such as APbbl, TP53
and Gprl132 [5].

Cbl proteins are highly conserved and function as ubiqui-
tin ligase. Reported evidence showed their function as regu-
lator of cell junctions proteins via focal adhesion protein
turnover which further leads myofibril degeneration [39].
Although, c-Cbl or Cbl-b deficient mice showed no embry-
onic lethality, loss of both genes resulted with embryonic
death [40, 41]. Interestingly, in another report, inhibition
of only c-Cbl increased cardiac function after myocardial
ischemia/reperfusion by suppressing EGFR and FAK path-
ways and lowering myocyte death in response to H,O, [42].

Epigenetic regulations govern embryonic development as
well as multiple different gene functions. Among the others,
DNA methyltransferases (DNMTs) are known to be master
regulators of DNA methylation DNMT 1, for instance, meth-
ylate newly synthesized DNA strand and terminates trans-
ferring methylation marks during cell division [43]. On the
other hand, together with DNMT3B, DNMT3A regulates
DNA methylation in all different stages of cell [44]. Excep-
tionally, Dnmt3a and Dnmt3b deficient mice are lack of car-
diac function deficiency. Using, germline knockout mice and
transverse aortic constriction (TAC) injury model, there was
no evidence regarding their importance for the adult mice
heart function [45].

Cardiac regeneration is related with re-activation of
cardiomyocyte cell cycle in zebrafish, newt and neonatal
mice [1, 37, 38]. The discovery of cardiomyocyte cell cycle
modulators could provide a new platform to develop new
cardiovascular therapeutics targeting cardiomyocyte cell
cycle. Neonatal mice surgery method was used to determine
downregulation or upregulation of candidate genes. Similar
to previous findings of Mahmoud et al. [9]. This method
allowed us to study changes in mRNA level in regenerating
(P3) and not regenerating (P7) myocardium. After surgery,
downregulations of Inpp5d, Dnmt3a, and Cbl were observed
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during neonatal cardiac regeneration. After cardiomyocyte
isolation from neonatal rats, siRNA treatment was applied
in cell culture and they were analyzed on the day 4. Immu-
nostaining was also done for TnnT2 and phospho-histone
H3 (a mitosis marker) to study cardiomyocyte specific pro-
liferation. Results showed that Cbl, Itch and Dnmt3a siRNA
treatment-induced cardiomyocyte proliferation. Our study
showed that Cbl along with Itch and Dnmt3a have role in
mice cardiac regeneration as negative regulators and they
can be targeted to induce mice cardiac regeneration. Cbl,
seems to inhibit several cardiogenic factors such as Cyclin
BI, Erbb4, Erbb2, Periostin, and Fgfl that positively induce
cardiomyocyte proliferation. Thus, targeting of Cbl, as we
have shown here, could allow both upregulation of positive
regulators of cardiomyocyte proliferation, and cardiomyo-
cyte division as measure by TnnT2 4 Ph3 4+ cells. This was
also associated with downregulation of several CDKIs in
the cardiomyocytes. Overall, the negative effects of these
regulators on cardiomyocyte proliferation and cardiac regen-
eration are valuable targets to develop new therapies to fix
cardiovascular damage.
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