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Abstract

Advances in cellular reprogramming articu-
lated the path for direct cardiac lineage conver-
sion, bypassing the pluripotent state. Direct
cardiac reprogramming attracts major attention
because of the low or nil regenerative ability
of cardiomyocytes, resulting in permanent
cell loss in various heart diseases. In the
field of cardiology, balancing this loss of
cardiomyocytes was highly challenging, even
in the modern medical world. Soon after the
discovery of cell reprogramming, direct car-
diac reprogramming also became a promising
alternative for heart regeneration. This review
mainly focused on the various direct cardiac
reprogramming approaches (integrative and
non-integrative) for the derivation of
induced autologous cardiomyocytes. It
also explains the advancements in cardiac
reprogramming over the decade with the
pros and cons of each approach. Further, the
review highlights the importance of clinically
relevant (non-integrative) approaches and their
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challenges for the prospective applications for
personalized medicine. Apart from direct cardiac
reprogramming, it also discusses the other
strategies for generating cardiomyocytes from
different sources. The understanding of these
strategies could pave the way for the efficient
generation of integration-free  functional
autologous cardiomyocytes through direct car-
diac reprogramming for various biomedical
applications.
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PDGFRa  Platelet-derived growth factor
receptor-alpha

Sca-1 Stem cell antigen-1

T TBXS5
WHO World Health Organization

1 Introduction

In today’s world of advancing health research,
cardiovascular diseases (CVDs) still remain one
of the leading causes of mortality and morbidity.
The World Health Organization (WHO) in 2019
reported nearly 32% of all deceased (i.e., 17.7
million) to have succumbed to CVDs annually,
which is expected to surpass 23.6 million by the
next decade (Kaptoge et al. 2019). The primary
CVD of concern is coronary heart disease (also
known as ischemic heart disease), which accounts
for 14.4% of these cases, closely followed by
cerebrovascular disease, accounting for 11.2%.
The major causes of CVDs are the use of tobacco,
alcohol consumption, stress, poor/unhealthy
diet, sedentary lifestyle, etc., in our daily life.
Although ~90% of CVDs are preventable with
medications, exercise, healthy diet, avoidance of
tobacco, and alcohol (McGill Jr et al. 2008), an
increase in mortality is observed in the recent
times, which might be due to inadequate preven-
tive measures taken against the same (Mendis
et al. 2011).

Out of the variety of CVDs, the ones like
ischemic heart disease, cardiomyopathies and
arrhythmias mostly affect the functionality of
cardiomyocytes (Mendis et al. 2011), mainly
due to apoptosis and necrosis in the cardiac tissue.
Cardiomyocytes are the functional unit of
the heart that is majorly responsible for the con-
duction system. In a healthy human heart, the
average left ventricle has roughly 4 billion
cardiomyocytes, while a post-infarct heart has a
myocyte shortage of about 1 billion (Murry et al.
2006). Most of the diseases, namely, ischemic
heart disease and myocardial infarction, are due
to loss of regenerative capacity of the host tissue
by the remaining myocytes and the consequent
weakening of the diseased heart over time. The
loss of cardiomyocytes leads to the formation of
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scar tissue by the spontaneous division and
migration of fibroblasts over the damaged area,
which, in turn, results in improper contraction.
This myocardial growth transition gives rise to
terminally differentiated cardiomyocytes (adult)
that are characterized by binucleated cells with
arrested cell cycle. Naturally, human heart has a
limited capacity to regenerate cardiomyocytes
as indicated by lasting scar tissue following
myocardial infarction and ultimately culminates
in chronic heart failure in the long run.

A common therapeutic approach includes
pharmacotherapy, which is mainly focused on
limiting disease progression instead of repairing
and restoring healthy tissue and function. There-
fore, the limited efficacy of this current treatment
has generated interest in considering other viable
and long-lasting therapeutic strategies. The search
for effective ways to treat infarcted hearts has
increased remarkably. In this regard, cell-based
therapy for cardiac regeneration appears to be a
promising alternative to achieve cardiac repair. In
the near future, cell therapy could be a possible
solution to control current epidemic rates of heart
failure by transplanting autologous functional
cardiomyocytes to support regeneration of the
heart in diseased patients. Various strategies
have been developed to date to make an attempt
to generate cardiomyocytes from different cell
types (Fig. 1), which are explained below.

2 Strategies to Generate
Cardiomyocytes from Different
Cells

2.1 Cardiomyocytes Derived from

Cardiac Progenitor Cells

Cardiac progenitor cells (also sometimes called car-
diac stem cells) are a heterogeneous group of endog-
enous multipotent progenitor cells in the heart and
are identified by the expression of various markers
such as tyrosine kinase receptors (c-Kit) and/or stem
cell antigen-1 (Sca-1), the homeodomain transcrip-
tion factor (islet-1), platelet-derived growth factor
receptor-alpha (PDGFRa), or the ability to grow
into cardiospheres (Beltrami et al. 2003; Oh et al.
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Fig. 1 Schematic of different strategies to generate cardiomyocytes from different sources and the biomedical applica-

tion of the generated cells

2003; Messina et al. 2004; Laugwitz et al. 2005;
Chong et al. 2011, 2014; Amini et al. 2017). In the
year 2003, Beltrami et al. first demonstrated the
differentiation ability of lineage-negative (Lin™)
c-kit* cells, isolated from the adult rat heart, toward
cardiomyocytes, smooth muscle, and endothelial
cells (Beltrami et al. 2003). Soon after, Schneider
and colleagues established the isolation of the
Sca-1* subpopulation from adult mouse hearts and
showed in vitro differentiation of these cells into
cardiomyocytes in the presence of 5-azacytidine, a
DNA demethylating agent (Oh et al. 2003). Nota-
bly, the authors also demonstrated the in vivo dif-
ferentiation of Sca-1" cells to cardiomyocytes after
intravenous injection in mice (Oh et al. 2003). Fur-
ther investigation of these cells led to the isolation of
Sca-1" and c-kit" subpopulation of cardiosphere-
forming cells from both mouse and human hearts
(Messina et al. 2004). Interestingly, after
cardiosphere formation, spontaneously beating
mouse cells were reported without co-culturing
with neonatal rat cardiomyocytes, unlike the
human cardiospheres, which require co-culturing
of rat neonatal cells (Messina et al. 2004). Another

subpopulation expressing Isl1 was also discovered
in rat, mouse, and human hearts as clusters in atria
and single cells in ventricles (Laugwitz et al. 2005).
These cells lack Sca-1 and c-kit expression and,
when co-cultured with rat neonatal cardiomyocytes,
differentiated into cardiomyocytes. Furthermore,
studies have also demonstrated the derivation of
cardiomyocytes from the PDGFRa* subpopulation
of cells from mouse and human hearts (Chong et al.
2011, 2014; Le and Chong 2016). Interestingly,
Raghunathan et al. demonstrated the conversion of
human adipogenic mesenchymal stem cells-derived
cardiac progenitor cells into pacemaker-like cells, a
specialized cardiomyocyte, through the ectopic
expression of SHOX2, HCN2, and TBXS transcrip-
tion factors (Raghunathan et al. 2020). In general,
these cardiac progenitor cells are in an inactivated or
quiescent state under normal physiological
conditions. In this state, cardiac progenitor cells do
not contribute to the regeneration of
cardiomyocytes; however, upon cardiac injury,
these progenitor cells can get activated and subse-
quently differentiate into cardiomyocytes (Le and
Chong 2016).



Despite the identification of these different
cardiac progenitor cell populations, their physio-
logical and pathophysiological functions are not
entirely understood (Amini et al. 2017). Notably,
these cells induce unfavorable or regenerative
effects upon exogenously delivered within the
injured heart (Le and Chong 2016). Moreover,
the molecular mechanisms behind these effects
still remains unclear (Le and Chong 2016).
Thus, the applications of these progenitor cells
are limited to the regeneration of cardiac tissue
after injury.

2.2 Cardiomyocytes Derived from

Adult Stem Cells

Adult stem cells such as mesenchymal stem cells
are another cell source that can be used to differ-
entiate them into functional cardiomyocytes. Sev-
eral studies on hematopoietic stem cells were
inconclusive with respect to cardiac fate determi-
nation (Orlic et al. 2001; Balsam et al. 2004;
Kawada et al. 2004; Murry et al. 2004). There-
fore, researchers focused on non-hematopoietic
stem cells, such as mesenchymal stem cells, as a
primary source to obtain cardiomyocytes. In this
regard, adult mouse bone marrow-derived
non-hematopoietic stem cells developed features
of cardiomyocytes when being treated with
5-azacytidine (Makino et al. 1999). Similarly,
studies reported the formation of cardiomyocytes
from mouse mesenchymal stem cells in the pres-
ence of 5-azacytidine (Hattan et al. 2005;
Antonitsis et al. 2007) and also by injecting into
the mouse embryos (Jiang et al. 2002). However,
5-azacytidine has been reported to induce carci-
nogenicity by introducing mutations in the
somatic cell genome (Alagesan and Griffin
2014), thus serving as a roadblock to the thera-
peutic applications of differentiated cells. There-
fore, Shen et al. focused on the downstream
targets of 5-azacytidine and found the significant
upregulation of miR-1-2 during differentiation
(Shen et al. 2017). The authors demonstrated
that mimics of miR-1-2 promoted the differentia-
tion of bone marrow-derived mesenchymal stem
cells into functional cardiomyocytes by activating

K. K. Haridhasapavalan et al.

the Wnt/B-catenin signaling pathway (Shen et al.
2017). Similarly, miR-1 has been reported to
induce the differentiation of mesenchymal stem
cells into myocardial cells only in a specific
medium, i.e., serum-free cardiomyogenic
medium containing 10 nM 5-azacytidine (Zhao
et al. 2016).

Alternatively, Shim et al. obtained human
cardiomyocyte-like cells from adult bone marrow
stem cells by treating them with a low concentra-
tion (10~° M) of dexamethasone (corticosteroid)
(Shim et al. 2004). On the other hand, differentia-
tion of bone marrow-derived clonal subpopula-
tion by co-culturing method showed phenotypes
of a heterogeneous populations of cells compris-
ing cardiomyocytes, endothelial cells, and
smooth muscle cells (Yoon et al. 2005). Likewise,
Cai et al. employed the same co-culturing method
with minor modifications (1:10 instead of 1:4
ratio) to differentiate bone marrow-derived mes-
enchymal stem cells into cardiomyocytes (Cai
et al. 2012). Apart from S5-azacytidine and
miRNAs, several growth factors/cytokines,
microenvironment, caveolin-1, vanilloid receptor
1, and histone deacetylase 1 were reported to
induce cardiac differentiation of mesenchymal
stem cells (Guo et al. 2018). Moreover, these
mesenchymal stem cells (along with fresh
bone marrow) promoted the activation of angio-
genesis, inhibition of fibrosis, and decrease in
apoptosis to restore heart function in the infarcted
swine model (Pak et al. 2003). Among the various
sources of mesenchymal stem cells like the
umbilical cord, adipose tissue, placenta, hair fol-
licle, skeletal muscle, etc., adipose tissue serves
as an easily obtainable source compared to
the invasive process of bone marrow aspiration.
Kakkar et al. underscore the merits associated
with the induction of adipose tissue-derived
stem cells with TGF-p1, which is nontoxic and a
more efficient cardiac inducer compared to
5-azacytidine (Kakkar et al. 2019). Another
study focused on human amniotic fluid-derived
mesenchymal stem cells, which were
effectively differentiated into the cardiomyogenic
lineage upon treatment with 10 pM 5-azacytidine
and 20% human platelet lysate (Markmee et al.
2020).
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Ramesh et al. summarized the use of various
biological and chemical inducers that enable the
cardiac differentiation of adult stem cells into
cardiomyocytes (Ramesh et al. 2021). However,
direct transplantation of these cells is limited due
to low differentiation or success rate in vivo,
and these do not entirely reciprocate the
functional and morphological characteristics of
cardiomyocytes (Guo et al. 2018).

23 Cardiomyocytes Derived from

Pluripotent Stem Cells

In 1999, Guan et al. reported differentiation of
undifferentiated embryonic stem cells (ESCs)
into cardiomyocytes, neuronal, skeletal muscle,
and epithelial and vascular smooth muscle cells.
In this study, Guan et al. concluded that the
differentiation of ESCs toward cardiomyocytes
was influenced by cell density, medium, and its
supplements, type of cells, and time of seeding
cells (Guan et al. 1999). Contrastingly, Kehat
et al. demonstrated cell density independent
differentiation of human ESCs toward
cardiomyocytes with similar structural and func-
tional properties of early stage cardiomyocytes
(Kehat et al. 2001). In this study, the authors
performed differentiation by forming embryoid
bodies and then seeded these embryoid bodies in
0.1% gelatin-coated petri dishes. They observed
the first embryonic bodies with rhythmically
contracting areas on day 4 (Kehat et al. 2001),
which is 2 days earlier than the previous study
(Guan et al. 1999). However, most of these stud-
ies used two different culture conditions for ESCs
maintenance and differentiation. Interestingly,
Denning and colleagues developed a common
culture condition for the maintenance of ESCs
and subsequently demonstrated efficient differen-
tiation of these cells toward cardiomyocytes
(Denning et al. 2003).

Soon after the astounding discovery of
induced pluripotent stem cells (iPSCs) from
mouse fibroblasts (Takahashi and Yamanaka
2006), the same group generated human iPSCs
from adult human fibroblasts and differentiated
into cardiac and other cells as an evidence of
pluripotency (Takahashi et al. 2007). For the

directed differentiation, Yamanaka et al. followed
the previously reported protocol (Laflamme et al.
2007) in which human ESCs were treated with
Activin A and bone morphogenetic protein
(BMP) 4 to form beating cardiomyocytes. Fur-
ther, induction with Activin A and BMP4
enhanced the generation of cardiomyocytes; how-
ever, there was a lot of variability between cell
lines and experiments (Paige et al. 2010). Using
small molecules, Lian et al. fine-tuned the
Wnt/p-catenin signaling pathway to generate
cardiomyocytes robustly from multiple pluripo-
tent cells. In this study, the authors showed that
Wht signaling activation is crucial for mesoderm
formation from pluripotent cells, whereas its inhi-
bition was crucial for the sequential differentia-
tion of these cells into cardiomyocytes (Lian et al.
2012). This was further fine-tuned by Kadari et al.
which reported the formation of three different
phases, namely, cardiovascular induction, cardiac
specification, and cardiomyocyte enrichment
(Kadari et al. 2015). In the first phase, authors
used CHIR99021 and BMP4 to stimulate cardiac
induction and then used Wnt inhibitor (XAV939)
to induce cardiac specification (Kadari et al.
2015). In order to reduce line-to-line variability,
they performed lactate enrichment to obtain pure
populations of cardiomyocytes with a very high
efficiency (Kadari et al. 2015).

Ou et al. described a protocol wherein
co-culturing of iPSCs with neonatal cardio-
myocytes resulted in cardiomyocytes expressing
cardiac-specific genes like Mef2c, cTnT, and
MLC-2 V (Ou et al. 2016), indicating efficient
differentiation and enhanced proliferation ability
upon co-culture. Studies also suggest the admin-
istration of electrical stimulations in human iPSC
or cardiosphere-derived cells to achieve function-
ally mature cardiomyocytes (Ma et al. 2018;
Nazari et al. 2020). These stimulations could
mimic the native property of synchronous
contractions of the heart and aid in attaining a
functionally mature state in shorter time duration
(Ma et al. 2018; Nazari et al. 2020). Funakoshi
et al. provided insights into the advantage
of generating human PSC-derived mature
cardiomyocytes that have enhanced contraction
force, mitochondrial oxidative property, and
improved sarcomere structure (Funakoshi et al.



2021). Transplantation of these mature cells com-
pared to the functionally immature ones
generated better grafts, suggesting the prior
manipulation of the cells before the transplant
could help mitigate arrhythmias and serve as a
safer therapy (Funakoshi et al. 2021). Exciting
opportunities exist in the field of PSC-derived
cardiomyocytes, but not without a series of
hurdles preventing its use in the clinical
setting. Some of them include the fetal-like imma-
ture phenotype of generated cardiomyocytes,
variability in the cardiac subtype, the risk of
arrhythmogenesis upon transplant, teratoma for-
mation, and immune rejection, to name a few.

24 Direct Cardiac Reprogramming
Strategies to Derive
Cardiomyocytes

2.4.1 Direct Cardiac Reprogramming
of Mouse Fibroblasts

Several studies have generated induced

cardiomyocytes by directly reprogramming

somatic cells using different integrative and
non-integrative (Fig. 2; Table 1) approaches
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(Ieda et al. 2010; Fu et al. 2013; Nam et al.
2013; Wada et al. 2013; Muraoka et al. 2014;
Wang et al. 2014, 2015 Lee et al. 2015; Cao
et al. 2016; Miyamoto et al. 2018; Paoletti et al.
2020; Yamakawa and leda 2021). The very first
study to generate fibroblast-derived induced
cardiomyocytes was reported in 2010 (Ieda
et al. 2010). The authors selected 13 potential
cardiogenic factors critical for survival and
cardiogenesis in the embryo from the previously
reported microarray analysis data of variable
expression patterns observed between myocytes
and non-myocytes cells (Ieda et al. 2009). Addi-
tionally, mesoderm-specific transcription factor-1
(Mespl) was also included due to its cardiac
reprogramming ability in Xenopus laevis (David
et al. 2008). Of these 14 factors, this study
identified a combination of three transcription
factors, namely, GATA4, MEF2C, and TBX5
(referred to as GMT), sufficient to reprogram
mouse cardiac/dermal fibroblasts to induced
cardiomyocytes (Ieda et al. 2010), bypassing the
pluripotent stem cell state. These induced cells
exhibited almost similar gene expression pattern
and electrophysiology and contracted spontane-
ously as native cardiomyocytes. However, the

Integrative

No/low cell therapeutic value
Tumorigenic due to point mutation(s)
High reprogramming efficiency
Faster reprogramming kinetics

Non-integrative

High cell therapeutic value
Non-tumorigenic
Lower reprogramming efficiency

VIRAL N

Human fibroblasts ( APPROACHES

Biomarkers
Vimentin
FSP1

y-Retroviral vectors
Lentiviral vectors

Col1a1
Col1a2
DDR2

Fig. 2 Schematic illustration of different direct cardiac
reprogramming approaches. FSP1, fibroblast specific pro-
tein 1; Collal, collagen alpha-1(I) chain; Colla2, collagen
alpha-2(I) chain; DDR2, discoidin domain receptor 2;

Direct cell reprogramming

Slower reprogramming kinetics
N v

Cardiomyocytes

/" NON-VIRAL

APPROACHES
mRNAs
Recombinant proteins
Small molecules
miRNAs

Biomarkers
cTnT
a-actinin

Cx43
NKX2-5
MLC2v/2a

cTnT, cardiac Troponin T; Cx43, connexin 43; NKX2.5,
NK2 Homeobox 5; MLC2v/2a, myosin light chain-2-
cardiac ventricular/atrial isoforms
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Table 1 Overview of reprogramming approaches (mouse)
Reprogramming | Reprogramming In
approaches factors Source cell | Cardiac gene expression vivo | References
Retroviral GMT Postnatal 30% GFP* cells, beating CMs Yes |ledaetal.
vectors cardiac/ (2010)
dermal
fibroblasts
Retroviral OSKM MEF 40% cTnT" cells, spontaneously No |Efeetal.
vectors contracting, beating CMs (2011)
Lentiviral T™ + MyoCD MEF 2% MYH6: tdTomato* cells, 12% |No | Protze et al.
vectors cTnT* cells (2012)
Retroviral GMTH TTF, CF 9.5% more CMs than GMT Yes | Song et al.
vectors (2012)
Lentiviral miR-1, 133, 208, Noncardiac | Tenfold increased efficiency of Yes | Jayawardena
vectors 499 + JAK inhibitor I | myocytes reprogramming et al. (2012)
Lentiviral HNGMT MEF >50-fold efficient than GMT Yes | Addis et al.
vectors alone (2013)
Retroviral GHMT TTF ~2% cTnT* cells, increased to No |Nametal.
vectors ~17% with MyoCD (2013)
Retroviral GMT + miR-133a MEF Sevenfold increased efficiency No | Muraoka
vectors than GMT et al. (2014)
Lentiviral HNGMT + MEF, ACF | Fivefold increased efficiency of Yes | Ifkovits et al.
vectors SB431542 iCM generation compared to GMT (2014)
(2% vs. 0.25%)
Lentiviral OCT4 + Parnate, MEF, TTF | Spontaneously contracting iCMs No | Wang et al.
vectors Forskolin, (2014)
CHIR99021,
SB431542
Retroviral OSKM + vitamin C MEF Enhanced expression and beating | No | Talkhabi
vectors cardiomyocytes (day 11) et al. (2015)
Retroviral GHMT + miR-1, MEF, AF 60% enhanced efficiency, No |Zhao et al.
vectors miR-133 + Y-27632, contracting iCMs in <2 weeks (2015)
A83-01
mRNA GMT NCF iCM like cells, cardiomyocyte No |Leeetal.
marker genes expressed at 2 weeks (2015)
Retroviral and GMT + BMI1 TTF, CF, cTnT tenfold increase, MT + BMI | No | Zhou et al.
lentiviral vectors | deletion MEF deletion resulted in beating iCMs (2016)
Lentiviral GMT RCF GATAA4 decreases post-infarct Yes | Mathison
vectors cardiac fibrosis et al. (2017)
Adenoviral GMT RCF 6% cTnT * cells, MYH7" iCMs Yes | Mathison
vectors (50%) et al. (2017)
Retroviral GMT + SB431542, MCF Eightfold increased efficiency, Yes | Mohamed
vectors XAV939 beating iCMs at 1 week et al. (2017)
Retroviral GHMT + AKT, TTF ~45% cTnT" after day 7; twofold |No | Zhou et al.
vectors ZNF281 increase in beating cells >4 weeks (2017)
Lentiviral GMTH TTF 72.4% a-MHC" iCMs, cardiac No | Tian et al.
vectors markers (a-MHC, p-MHC, (2018)
ANF, N, and ¢TnT)
Adeno- AAV-GMT and MEF, MCF | cTnT expression highest in the Yes | Yoo et al.
associated virus | AAV-Tp4 (chimeric) GMTTp4 group compared to (2018)
(AAV) GMT (32% vs. 22%)
Lentiviral GMT/GMTHMyoCD | p63 20-fold cTnT expression, three— No | Patel et al.
vectors knockout fivefold GMT expression, (2018)
MEF spontaneous contractions in

co-culture

(continued)



Table 1 (continued)

Reprogramming

Reprogramming

approaches factors Source cell
Sendai viral GMT MEF, TTF
vectors
Retroviral GMTH MEF
vectors
Retroviral GMTH MEF
vectors (quad-
cistronic)
Retroviral GMT + IGF-1, MEF, NCF
vectors MMS589, A83-01,

PTC-209
Retroviral GT + M isoform MEF
vectors (Mi2/Mi4)
Lentiviral GMT + sodium RCF
vectors butyrate, ICG-001,

retinoic acid
Small molecules | CHIR99021, RepSox, | MEF, CF

Forskolin, valproic

acid, Parnate, TTNPB

+ PTC-209
Sendai viral GMT MCF
vectors
Adenoviral OSKM Myocardial
vectors infarction

model

Retroviral and GMTMyoCD, Sall4 MICF
lentiviral vectors
Retroviral GMT + SB431542 TTF, MEF
vectors
Retroviral GHMT + DMSO MEF
vectors

K. K. Haridhasapavalan et al.

In

Cardiac gene expression vivo | References
Sendai viral-GMT vectors more Yes | Miyamoto
efficient than retroviral-GMT et al. (2018)
vectors,
~20% cTnT" cells were matured
during in vivo cardiac
reprogramming
iCMs with enhanced contractile No |Zhang et al.
cardiac structures (2019)
Splicing order of M-G-T-H- No |Zhang et al.
enhanced reprogramming (2019)
Three—fourfold increase in ¢cTnT No |Guo etal
and a-actinin (MEF); eight— (2019)
ninefold increase in spontaneous
beating of iCMs (NCF)
Efficiency of Mi2 > Mi4 isoform |No | Wang et al.

(2020)
4-fold cTnT expression, No | Singh et al.
spontaneous contractions >4 week (2020)
a-MHC" ¢TnT"*, spontaneously No | Testa et al.
beating iCMs (2020)
iCMs (tdTomato and cTnT™") Yes | Isomi et al.
> > 4 weeks (2021)
Partial in vivo reprogramming, Yes | Kisby et al.
CDHI", FUT4" cells (2021)
Beating iCMs >28 day, 22.5% No |Zhao et al.
c¢TnT* cells (2021)
~twofold more iCMs compared to | No | Bektik et al.
control (2021)
~threefold cTnT™ cells, ~sixfold No Lim et al.
increase in MYH6-mCherry™ cells (2021)

G-GATA4; M, MEF2C; T, TBX5; H, HAND2; N,NKX 2.5; HNGMT, Hand2; Nkx 2.5 + GMT; OSKM, Oct3/4,Sox2,KIf4,
Myc; MyoCD, myocardin; miRNA, microRNA; JAK, janus kinase; CM, cardiomyocyte; iCM, induced CM; GFP, green
fluorescent protein; MEF, mouse embryonic fibroblasts; CF, cardiac fibroblasts; TTF, tail tip fibroblasts; ACF, adult
cardiac fibroblasts; AF, adult fibroblasts; NCF, neonatal cardiac fibroblasts; RCF, rat cardiac fibroblasts; MICF, cultured
cardiac fibroblasts isolated from adult mice with myocardial infarction; ¢TnT, cardiac troponin T; MYH/MHC, myosin
heavy chain; ANF, natriuretic peptide A; CDHI, cadherin-1; FUT4, fucosyltransferase 4; AAV-Tf4, adeno-associated
virus carrying thymosin B4; BMI1, polycomb complex protein; AKT, protein kinase B; ZNF281, zinc finger protein 281;
TGFp, transforming growth factor beta; DMSO, dimethyl sulfoxide

efficiency of the beating cells was very low, and
the majority of the cell population was only par-
tially reprogrammed. The reason behind this inef-
ficient reprogramming is that the likelihood of
transducing a single cell with all three factors is
low and the imbalanced stoichiometric expression
of these factors (Lee et al. 2015; Wang et al.
2015). Relatively high levels of MEF2C protein

expression compared to GATA4 and TBXS
improved reprogramming efficiency and the qual-
ity of induced cardiomyocytes (Wang et al.
2015). Of the two isomeric forms of MEF2C,
viz., Mi2 and Mi4, the former, in combination
with GATA4 and TBXS, reprogrammed mouse
embryonic fibroblasts more efficiently than
the latter (Wang et al. 2015). This might be
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the possible reason for the discrepancy in
reprogramming efficiency reported by different
groups (Yamakawa and Ieda 2021). Further, the
addition of HAND?2 to this reprogramming cock-
tail enhanced the efficiency, irrespective of the
stoichiometry using either cocktail of retroviral-
GMT vectors or retroviral single polycistronic-
MGT vector (Song et al. 2012; Nam et al. 2013;
Zhang et al. 2019; Wang et al. 2020b). These
studies thus demonstrated the requirement of
HAND?2 in the GMT cocktail (GMT + HAND?2)
in the direct cardiac reprogramming of mouse
fibroblasts into functional cardiomyocytes.

Using the Yamanaka factors (OCT4, SOX2,
KLF4, and c¢-MYC), Efe et al. partially
reprogrammed mouse fibroblasts, instead of
inducing full pluripotency, and then derived
cardiomyocytes by diverting them toward cardiac
lineage with specific media conditions (Efe et al.
2011). The first spontaneous beating was
observed after 11 days in this approach (Efe
et al. 2011), compared to 4-5 weeks in the first
study (Ieda et al. 2010). The addition of ascorbic
acid (Vitamin C) to the Yamanaka factors
enhances the derivation of cardiomyocytes from
mouse fibroblasts through a partial pluripotent
reprogramming strategy (Talkhabi et al. 2015).
With a different set of transcription factors
(TBXS, MEF2C, and MYOCD), cardiomyocyte-
like cells were obtained by time-dependent
conversion of mouse embryonic fibroblasts
through the lentiviral expression of these three
factors, upregulating a broader spectrum of car-
diac genes (Protze et al. 2012), compared to the
combination used by Ieda et al. (2010). Similarly,
screening a combination of transcription factors
to establish a minimally efficient reprogramming
cocktail, Hirai et al. reported the use of MYOCD
with MEF2C and GATAG6 to generate smooth
muscle resembling cells with characteristic car-
diac marker genes and reduced fibroblast-specific
gene expression (Hirai et al. 2018).

Delivering miRNAs in an integration-free
manner, Jayawardena et al. established the deri-
vation of cells having characteristics of
cardiomyocytes via transient expression of
muscle-specific miR-1, miR-133, miR-208, and
miR-499 in mouse cardiac fibroblasts by a single

transfection (Jayawardena et al. 2012). The
authors also reported further enhancement of
cardiomyocyte-like cells by the addition of JAK
inhibitor I, which is believed to induce expression
of cardiac ion channels as well as enhance
o-MHC (Jayawardena et al. 2012). Following
this, Muraoka et al. included miR-133 in the
GMT reprogramming cocktail and demonstrated
a sevenfold increase in the reprogramming effi-
ciency and improved kinetics of <12 days from
30 days, compared to GMT alone in mouse embry-
onic fibroblasts (Muraoka et al. 2014). Apart from
mouse embryonic fibroblasts, Muraoka et al.
showed enhanced cardiac reprogramming in
adult mouse and human cardiac fibroblasts
with the inclusion of miR-133 in GMT or GMT
with  MESP1 and MYOCD reprogramming
factors. Notably, miR-133 promoted cardiac
reprogramming by suppressing Snail, a key
molecular roadblock of cardiac reprogramming
and a master regulator of epithelial-to-mesenchy-
mal transition, that facilitated the repression of
fibroblast gene expression (Muraoka et al. 2014).
Similarly, the addition of miR-1 and miR-133 to
the GMT + HAND?2 and A83-01 (a TGF-p signal-
ing inhibitor) cocktail resulted in a maximum num-
ber of spontaneously contracting cells from mouse
embryonic fibroblasts (Zhao et al. 2015).

Using a calcium indicator GCaMP, Addis et al.
constructed a reporter system driven by cardiac-
specific troponin-T promoter and demonstrated
that NKX2.5 in combination with GMT + HAND2
(GMT + HAND2 + NKX2.5) is the most effective
cocktail in cardiac reprogramming, resulting in
50-fold increase in cardiomyocyte formation effi-
ciency than with GMT factors (Addis et al. 2013).
This GMT + HAND2 + NKX2.5 combination in
the presence of SB432542, a potent small mole-
cule that inhibits TGF-p signaling pathway, fur-
ther improved the reprogramming of mouse
embryonic and adult fibroblasts up to fivefold
(Ifkovits et al. 2014). Similarly, Zhao et al.
showed that the suppression of pro-fibrotic signal-
ing by TGF-f or Rho-associated kinase inhibitors
remarkably enhanced the efficiency by up to 60%
and dramatically enhanced the kinetics of cardiac
reprogramming of mouse embryonic fibroblasts
(Zhao et al. 2015).



Although the conventional methods using ret-
roviral and lentiviral vectors are efficient and
robust, they result in random viral integration in
the host cell genome, leading to insertional muta-
genesis and tumorigenicity (Zhao et al. 2015;
Borgohain et al. 2019; Haridhasapavalan et al.
2019; Dey et al. 2021). These issues can be
circumvented employing integration-free
approaches of reprogramming, which have mini-
mal or no genetic modifications (Zhao et al. 2015;
Borgohain et al. 2019; Haridhasapavalan et al.
2019; Dey et al. 2021). In an effort to develop
clinically  suitable direct reprogramming
strategies, Wang et al. established a defined cock-
tail of small molecules (SB431542, CHIR99021,
Parnate, and Forskolin) that, along with a single
pluripotency factor, OCT4, reprogrammed mouse
fibroblasts to ventricular-like cardiomyocytes
through a cardiac progenitor state (Wang et al.
2014). Following this, two different groups
reported the generation of mouse cardiomyocytes
using different combinations of small molecules
to generate these cells in an integration-free man-
ner (Fu et al. 2015; Park et al. 2015). Remarkably,
Fu et al. reprogrammed mouse fibroblasts using
only a cocktail of small molecules (without any
transcription factors), namely, CHIR99021,
RepSox, Forskolin, valproic acid, Parnate and
TTNPB, into chemical-induced cardiomyocyte-
like cells pass through a cardiac progenitor state
and bypassing pluripotent state (Fu et al. 2015).
Interestingly, the same cocktail has been used
previously by the same group to generate
chemical-iPSCs (Hou et al. 2013); however, the
culture condition appears to play a crucial role in
generating desired cells. Similarly, Park et al.,
with a different combination of small molecules
(Forskolin, A-8301, SC1, CHIR99021, and BayK
8,644), converted mouse fibroblasts into
cardiomyocyte-like cells (Park et al. 2015), pass-
ing through a progenitor state. In both these small
molecule-based studies, the reprogramming effi-
ciency of mouse tail tip fibroblasts was very low
compared to embryonic fibroblasts (Fu et al.
2015; Park et al. 2015). Alternatively, a novel
integration-free approach employing multiple
mRNA transfections of GMT for just 2 weeks
reprogrammed mouse cardiac  fibroblasts
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directly to cardiomyocytes (Lee et al. 2015).
This study demonstrated that the expression of
cardiomyocyte-specific marker genes is depen-
dent on the stoichiometric ratio of GMT
mRNAs (Lee et al. 2015). However, in all
these studies, reprogramming efficiency was
compromised significantly compared to integrating
viral vectors.

Considering the risk factors associated with
integrating vectors as well as the requirement of
transgene expression for a limited duration to
bring about reprogramming, the focus now
shifted toward finding a more clinically relevant
set of non-integrating