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ABSTRACT

Induced pluripotent stem cells (iPSCs) are promising cell source for cardiac tissue engineering and cell based therapies for heart
repair as they can be expanded in vitro and differentiated into most cardiovascular cell types, including cardiomyocytes. During
embryonic heart development, this differentiation occurs under the influence of internal and external stimuli that guide cells to
go down the cardiac lineage. The aim of this study was to characterize the cardiac differentiation potential of a canine iPS cell.
With the use of a standard embryoid body—based differentiation protocol for iPS cells were differentiated for 24 days. In vitro
differentiations of canine iPSCs via embryoid bodies (EBs) were produced by ‘Hanging Drop’ method. EB’s were differentiated
using 5-azacytidine (5-Aza). During differentiation, EBs were collected on day 4, 6, 8, 12, 16, 20 and 24 to evaluate the expression
of cardiomyocyte specific marker. Analyses on molecular, structural, and functional levels demonstrated that iPS cell- derived
cardiomyocytes show typical features of ES cell- derived cardiomyocytes. Reverse transcription polymerase chain reaction
analyses demonstrated expression of marker genes. The differentiated cells expressed cardiac-specific gene myosin light chain
2 (MYL2) which started from day 8 of differentiation and highest expression was observed on day 16. Immunocytochemistry
and relative expression of cardiac specific genes revealed that iPS cells differentiate into functional cardiomyocytes and allow

to derivation of autologous functional cardiomyocytes for cellular cardiomyoplasty and myocardial tissue engineering.
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Heart failure is the foremost cause of death in most
industrialized countries and a rising cause of death in
emerging countries (Moran et al., 1980). The common
cause of heart failure is myocardial infraction (MI), which
is a damage of myocardium because of oxygen and nutrient
insufficiency and replacement with non-contractile scar
tissue. The primary challenge in developing therapies
for cardiac muscle restoration is the limited regenerative
capability of the myocardium (Ivan et al., 2015). While
the recent research has established that the adult heart
contains a subpopulation of multipotent stem cells capable
of heart regeneration (Beltrami et al., 2003), only 1% at
the most of the cardiomyocytes are replaced annually
and thus cannot repair the significant cardiac damage that
occur during MI. Almost 95% heart diseases in canine are

acquired of which 75% are valvular diseases and dialated
cardiomyopathy. Being the most common cause of heart
failure in dog’s chronic mitral valve disease has the highest
occurrence and account for 75-80% cardiac diseases in
dogs (Wess et al., 2017). Cardiac tissue engineering and
cell based therapies, including direct cell injection, are
potencial approaches for treating cardiac disease.

The breakthrough report of Takahashi et al. (2007) on
generation of iPSCs has revolutionized the field of medicine
by introducing alternative to the embryonic stem cells
(ESCs). The differentiation of iPSCs into specific cell types
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has great potential for clinical applications regenerative
medicine, in-vitro disease modeling, and drug screening
(Karakik es et al., 2015). Canine cardiomyocytes derived
from pluripotent stem cells are the only viable source for
new cardiomyocytes currently available. Presently, though
the pharmaceutical and surgical treatment interventions
have made progress in the treatment of heart diseases,
the prognosis of heart failure remains very poor. The
swift evolution of stem cells as a therapeutic alternative
has permitted replacement of myocardial cells with
cardiomyocytes that are differentiated from stem cells for
treating advanced stage of heart failure (Murry ez al., 2000).
Patient-specific cardiomyocytes can easily be obtained
by adult somatic cell reprogramming to generate iPSCs
and their subsequent differentiation into cardiomyocytes.
Direct injection of iPSCs into the heart presents a
drawback as there is a possibility of teratoma formation.
However, the scarce ability of iPSCs to differentiate
into myocardial cells in vitro necessitates an effective
cardiac induction method with reproducibility. Currently
available ciPSC-derived cardiomyocytes differentiation
protocols leads to generation of primitive cardiomyocytes
(Singh et al.,, 2019; Shimada et al., 2010). Many of the
cardiac sarcomeric proteins acquire their chamber-
specific expression patterns during late developmental
stages (Lyons, 1994). However, the ventricular myosin
light chain-2 isoform (MLC-2v) ventricular specification
occurs relatively early during mammalian cardiogenesis
(O’Brien et al., 1993). Contrarily, the atrial myosin light
chain-2 (MLC-2a) expression occurs in the presumptive
ventricle prior to MLC-2v, and subsequently it gets down-
regulated (Kubalak et al., 1994). During fetal stage, MLC-
2a is mostly found in the atria while MLC-2v expression
is restricted to the ventricles, although both MLC-2a and
MLC-2v persist in low level in the inflow tract, the atrio-
ventricular canal and the outflow tract (Franco et al.,
1999).

Several groups have reported that 5-azacytidine,
a demethylating agent, induced the differentiation
of mesenchymal stem cells into cardiomyocytes in
vitro (Fukuda, 2003; Singh et al., 2019) reported that
5-azacytidine induced the differentiation of ciPSCs into
cardiomyocytes. This compound can cause extensive
demethylation of 5-methylcytosine and reduce DNA
methyltransferase activity in the cell (Haaf and Schmid,
2000). Recently, 5-azacytidine was reported to reverse
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the differentiation status of EBs back to ES cells (Tsuji-
Takayama et al., 2004). 5-Azacytidine has been useful for
studying the roles of DNA methylation in the mechanisms
of gene activation and cell differentiation.

In the current study, 5-azacytidine (5-aza) was explored to
induce differentiation of canine induced pluripotent stem
cells (ciPSC) into myocardial cells through hanging drop
method, to establish an effective and safe cardiomyocyte
induction method and channelize the theoretical basis for
stem cell replacement therapy in end-stage cardiovascular
disease.

MATERIALS AND METHODS

Canine induced pluripotent stem cell derivation

All studies used ciPSC colonies derived from canine
adipose tissue derived mesenchymal stem cell, which was
maintained in the undifferentiated state at reproductive
physiology laboratory, physiology and climatology
division, IVRI, Izatnagar using embryonic fibroblast
conditioned medium. During the experiment the canine
induced pluripotent stem (ciPSC) cells, early passage
(P-10) were taken from available stock of reproductive
physiology laboratory at IVRI.

Culture and cardiomyocytes differentiation from
Canine iPSCs

ciPSCs were cultured with Knock Out DMEM/F12
(GIBCO: 10829-018) supplemented with 20% fetal
calf serum, 1% non-essential amino acids, 2 mmol/l
L-glutamine, and 100 pmol/l B-ME, LIF and BFGF.
Differentiation of ciPSC was carried out by hanging
drop culture using 5-azacytidine (Fig. 1). Briefly, a
single cell suspension of ciPSCs (2.5 x 10* cells/ml) was
prepared in differentiation media consisting of IMDM
supplemented with FBS 10%, NEAA (100X) 0.5%,
100pMB-Mercaptoethanol and 0.1 pM 5-Azacytidine.
From this cell suspension, 30 pl was pipetted on to the lid
of a tissue culture dish and inverted over its bottom dish
containing 5 ml phosphate-buffered saline. On day 4, the
embryo bodies (EBs) were transferred on gelatin coated
6 well tissue culture plates and grown up to day 24, with
periodical changing of the media. During differentiation,
EBs was collected on day 4, 6, 8, 12, 16, 20 and 24 for
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the characterization of cardiomyocytes specific marker
expression.

| Formation of EBs by hanging drop method |

| L
Embryoid bodies (EBs)

Fig. 1: In-vitro differentiation of canine iPSCs via embryoid
bodies produced by ‘Hanging Drop’ method

Molecular characterization

The EBs collected at different time points were subjected
for total RNA extraction using Trizol method and cDNA
was prepared using cDNA Synthesis kit (iScript cDNA
Synthesis kit, Bio-Rad). Reverse transcriptase-polymerase
chain reaction (RT-PCR) and semi-quantitative gene
expression analysis was carried out using Real-Time
PCR system (Bio-Rad, USA) with DyNAmo Flash
SYBER Green qPCR kit (Thermo Fisher Scientific) and
the canine specific primers for MYL 2: F-GGCGCCAA
TTCCAACGTGTTCTC, R-GCCCAAGAGCAGCAA
AGGTGTC, at annealing temperature of 60 “C. The
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was taken as endogenous housekeeping control gene,
for which the primers were F-CCATCTTCCAGGAG
CGAGAT, R-TTCTCCATGGTGGTGAAGAC and
annealing temperature of 55 C°. Each PCR product was
size-fractionized by 2% agarose gel electrophoresis and
bands were visualized with a UV trans-illuminator (Bio
Rad).

Cytochemical staining

Immunocytochemistry was done as per the methods
of National Institutes of Health, resource for stem cell
research, USA. For immunocytochemistry, cells were fixed
with 4% paraformaldehyde in PBS and permeabilized
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with 0.2% Triton X-100 in PBS (Sigma-Aldrich). The
cells were then blocked with 2% bovine serum albumin in
PBS and incubated with goat polyclonal primary antibody
viz Connexin43 (Cx43) (Santa Cruz Biology, USA). The
cells were washed and then incubated with fluorescence-
labeled anti goat secondary antibodies (life technologies,
USA; 1:200) and DAPI to stain the nuclei. The negative
control was performed following the entire procedurue,
except adding primary antibodies.

RESULTS AND DISCUSSION

In the present study, ciPSCs were differentiated into
cardiomyocyte by using 5-azacytidine. It was observed
that the EBs when treated with differentiation media, the
morphology of cells changed and spreading of EBs was
extensive at the periphery (Fig. 2).

| In vitro differentiation of EBs on differentdays

Fig. 2: In-vitro differentiation of ciPSCs on different days of
culture

Cardiac specific marker expression studies by RT-PCR and
gel electrophoresis revealed that MYL 2 expression started
from day 8, and continued till day 24 of differentiation
(Fig. 3). It was observed that initially the expression was
low but over the time of differentiation, the expression
was enhanced with the highest expression on day 16 of
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differentiation and the differentiated cells were found
to be immunopositive for connexin 43 (Cx43) (Fig. 4).
However, no beating clusters were observed during the
entire period of differentiation.
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Fig.3: Molecular characterization of MYL2 gene in differentiated
embryoid bodies made from ciPSC colonies. Amplification
curves (A), melt curves, (B) and melt peaks (C) of cardiac
marker gene. 2% agarose gel electrophoresis of PCR amplified
products of cardiac specific marker genes. (D) Cardiomyocytes
specific gene MYL 2 and (E) GAPDH as a housekeeping gene

DAPI Alexa Fluor 594 Merge

Fig. 4: immunofluorescence of cardiac gap junction protein
connexin 43 (Red), DAPI nuclear staining (blue) and merged
images of canine iPSC differentiated cells after 24 days of
cardiac differentiation. (Scale bar 20 um)

The present study was conducted with the objective
to describe the in vitro differentiation of ciPSC from
canine adipose tissue derived mesenchymal stem cells.
In addition, the expression of cardiac marker MYL 2
was also evaluated at various stages of differentiation.
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Cardiovascular diseases now-a-days has an alarming
consequences for the humans as well as animals.
Mammalian heart has limited regenerative capability.
During the end-stage of heart diseases, the structural
damage to the cardiomyocytes incurs an irreversible
functional deficit in cardiac tissue with increased burden
on the surviving cardiomyocytes to meet the needs of the
body, leading to several clinical manifestations. Some of
the fresh developments in drug, interventional and surgical
treatments do not fundamentally solve this pertinent issue.
Donor availability and immunological rejection limits
heart transplantation. This has shifted the focus over some
of the clinical treatment of cardiovascular disease, with a
great need to find more effective treatment alternatives.
Stem cell compensatory replacement therapy presents a
fascinating research area with a potential for treatment
of cardiovascular disease (Stadtfeld et al., 2010; Vaskova
et al., 2013). Although ESCs have been in consideration
for longer time but, they are limited with respect to social
ethics and transplantation immune rejection issues (Blau
etal., 2001).

In lieu of the above mentioned drawbacks, iPSCs have
attracted much attention as a novel therapeutic cell types
in the field of stem cells. The iPSC have become a favored
cell source to use in stem cell replacement therapies as
they surpass the ethical and immune rejection problems
associated with use of ESCs. Now-a-days, efforts are being
invested to develop better protocols to induce iPS cells to
differentiate into cardiomyocytes with cost-effectiveness,
high efficiency, high purity and viability, and with a high
yield to answer the needs of their clinical application.
As iPSC are produced by somatic cell reprogramming
they have some characteristics of primitive cells and
their natural differentiation ability is relatively weaker
in comparision to ESCs (Yoshida et al., 2011). For
iPSC differentiation into myocardial cells in vitro, EBs
formation has been considered as an important annulus
with vast application (Wu et al., 2013). Although iPS cells
can form a large number of EBs using the suspension
method (Takahashi ef al., 2003) the resulting EBs vary in
size and is expensive. Instead, the hanging drop method of
EB generation is cheaper and can provide better control
over the size of EBs, with consistent results to help with
analysis of experimental results. Researchers have been
trying to find a way to enhance the efficiency of induction,
including the use of chemical inducers, myocardial cell
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culture, and transfer of specific genes etc (Takahashi et
al., 2003). Chemical inducers are a common choice, as
these small molecules increases cell permeability, non-
immunogenic, cost-effective, easy to synthesize, preserve,
and to standardize. Moreover, their effects on inhibiting
and activating the function of specific proteins are often
reversible and permit fine tuning by varying concentration
(Cloos et al., 2008).

There were many reports suggesting that 5-azacytidine,
a demethylating agent, induces differentiation of
mesenchymal stem cells into cardiomyocytes in vitro
(Fukuda, 2003). 5’- azacytidine can cause extensive
demethylation of 5-methylcytosine and reduce DNA
methyltransferase activity in the cell (Haaf and Schmid,
2000). Study on murine iPSC differentiation by media
containing  beta-mercaptoethanol have shown the
expression of marker genes for cardiac mesoderm, and
cardiomyocytes including Mespl, GATA2 (FOG-2),
GATA4, Nkx2.5, Tbx5, Tbx20, atrial natriuretic factor
(ANF), MLC2a, alpha-MHC, and cardiac troponin T
(Singh et al., 2019). Immunocytological assessment
confirmed the expression of cardiomyocyte-typical
proteins such as sarcomeric alpha-actinin, titin, cardiac
troponin T, MLC2v (Mauritz et al., 2008). Many research
groups have generated functional cardiomyocytes
(CMs) from murine and human iPSCs in-vitro (Medvedev,
2010). Cardiomyocytes produced from iPSC are very
similar in characteristics (morphology, marker expression,
electrophysiological features, and sensitivity to chemicals)
to the CMs of cardiac muscle and to CMs produced from
differentiated ESCs. Moreover, research has shown that
murine iPSCs, when injected, can repair muscle and
endothelial cardiac tissues damaged by cardiac infarction
(Medvedev, 2010). With regard to canine iPSCs, Joseph
Wu’s group has treated immunodeficient mouse models
of myocardial infarction and hind limb ischemia with
transplanted endothelial cells derived from ciPSCs and
positively demonstrated the preclinical potential of ciPSCs
(Lee et al., 2011).

The present study also supports that 5-azacytidine
improves the efficiency of stem cell differentiation into
cardiomyocytes by maintaining iPS cell activity, and
slowing down the cell aging process. However, further
studies focusing on elucidating the mechanisms involved
in the effect of 5-azacytidine are of future interest.
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CONCLUSION

In conclusion, the current study demonstrates that
S5-azacytidine (5-aza) has markedly influenced the cardiac
differentiation of canine iPSC. These findings add up to
the efficient differentiation protocols of cardiac myocytes
from canine iPS cell culture and their potential for
therapeutic applications. The current findings suggests
that treatment of ciPSC with 5-azacytidine facilitate the
large-scale differentiation of cardiac myocytes which in
turn will open a door for further study of heart diseases
to personalized, predictive, preemptive, and precision
medicine.
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