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Abstract

Japan faces an increasing incidence of heart disease, owing to a shift towards a westernized lifestyle and an aging
demographic. In cases where conventional interventions are not appropriate, regenerative medicine offers a
promising therapeutic option. However, the use of stem cells has limitations, and therefore, “direct cardiac
reprogramming” is emerging as an alternative treatment. Myocardial regeneration transdifferentiates cardiac
fibroblasts into cardiomyocytes in situ.

Three cardiogenic transcription factors: Gata4, Mef2c, and Tox5 (GMT) can induce direct reprogramming of
fibroblasts into induced cardiomyocytes (iCMs), in mice. However, in humans, additional factors, such as Mesp1 and
Myocd, are required. Inflammation and immune responses hinder the reprogramming process in mice, and
epigenetic modifiers such as TET1 are involved in direct cardiac reprogramming in humans. The three main
approaches to improving reprogramming efficiency are (1) improving direct cardiac reprogramming factors, (2)
improving cell culture conditions, and (3) regulating epigenetic factors. miR-133 is a potential candidate for the first
approach. For the second approach, inhibitors of TGF-3 and Wnt signals, Akt1 overexpression, Notch signaling
pathway inhibitors, such as DAPT ((S)-tert-butyl 2-((S)-2-(2-(3,5-difluorophenyl) acetamido) propanamido)-2-
phenylacetate), fibroblast growth factor (FGF)-2, FGF-10, and vascular endothelial growth factor (VEGF: FFV) can
influence reprogramming. Reducing the expression of Bmi1, which regulates the mono-ubiquitination of histone
H2A, alters histone modification, and subsequently the reprogramming efficiency, in the third approach. In addition,
diclofenac, a non-steroidal anti-inflammatory drug, and high level of Mef2c overexpression could improve direct
cardiac reprogramming.

Direct cardiac reprogramming needs improvement if it is to be used in humans, and the molecular mechanisms
involved remain largely elusive. Further advances in cardiac reprogramming research are needed to bring us closer
to cardiac regenerative therapy.
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Introduction

In Japan, the incidence of ischemic heart diseases is
increasing, due to the adoption of a westernized lifestyle,
and an increase in hypertension and valvular diseases
due to an aging population. This situation has made car-
diac disease the second most common cause of death,
after cancer. The heart is composed of different types of
cells, and cardiac function is carefully regulated, not only
by cardiomyocytes, but also by other cells, such as vas-
cular endothelial cells and fibroblasts. Cardiomyocytes
account for approximately 30% of all cells in the heart,
and at least 50% of the remaining cells are non-
cardiomyocytes [1, 2]. Cardiomyocytes are terminally
differentiated cells with no potential for self-renewal;
cardiomyocytes that become necrotic due to myocardial
infarction, heart failure, or other cardiac diseases are
therefore replaced by proliferating fibroblasts. This
situation results in scarring of the affected site due to
the formation of fibrotic tissue. These fibrotic changes
reduce the cardiac systolic function, and arrhythmia
caused by scar tissue has a poor prognosis. Heart
transplantation is the last resort for serious cardiac
failure with no expectation of improvement through op-
timal pharmacological or non-pharmacological therapies.
However, a shortage of donors in Japan, transplant
rejection, costs, and other factors limit widespread
transplantation, and therefore, the field of cardiac regen-
erative medicine is attracting significant interests. One
promising approach to cardiac regeneration is to differ-
entiate stem cells, such as induced pluripotent stem cells
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(iPS cells) into cardiomyocytes outside the body, and
then transplant the differentiated cardiomyocytes into
the body. However, generating the large numbers of cells
required to replace as many as 1 billion cardiomyocytes
lost to myocardial infarction or failing heart incurs enor-
mous costs. It also poses other limitations, such as the
presence of residual stem cells undergoing oncogenesis,
and a low survival rate of transplanted cells [3].

The discovery of iPS cells suggests that terminally
differentiated cells can be changed into other cells by
specific transcription factors. In 2010, we reported a
novel strategy for the direct reprogramming of fibro-
blasts into cardiomyocytes. Based on these results, there
are currently three possible pathways for the creation of
cardiac muscle from fibroblasts. The three pathways can
be summarized as follows (Fig.1): (1) full reprogramming
of fibroblasts into iPS cells and subsequent cardiac dif-
ferentiation, (2) partial reprogramming of fibroblasts into
cardiac progenitor cells and subsequent differentiation,
and (3) direct reprogramming of fibroblasts into cardio-
myocytes [4—6].

As mentioned earlier, we proposed the concept of “dir-
ect cardiac reprogramming” in place of this conventional
method of cell transplantation. This is a technique that
converts cardiac fibroblasts, which are present in large
numbers in the myocardium in cardiac direct repro-
gramming, into cardiomyocytes. In this review, we
summarize the results of our research on direct cardiac
reprogramming over the past decade. Direct cardiac
reprogramming is a new method of myocardial
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Fig. 1 Three pathways for deriving cardiomyocytes for myocardial regeneration [4]. There are (1) full reprogramming approaches (purple line), (2)
partial reprogramming approaches (orange line), and (3) direct reprogramming approaches (green line). For the treatment of myocardial
infarction and heart failure, (1) iPS-derived cardiomyocytes are about to be clinically studied for myocardial transplantation experiments. (3) Direct
cardiac reprogramming does not require cardiomyocyte transplantation and may be feasible through a direct reprogramming approach. (2)
Partial reprogramming may offer the advantages of (1) and (3). Further research is desirable in the future
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regeneration that transdifferentiates cardiac fibroblasts
into cardiomyocytes directly within the heart, and we are
pursuing research aimed at clinical applications for this
new method (Fig. 2).

Direct reprogramming of fibroblasts into
cardiomyocytes

In 2010, we made the novel discovery that cardiomyocytes
can be differentiated directly from cardiac fibroblasts,
without first being reprogrammed into iPSCs. This differ-
entiation was achieved by introducing three cardiogenic
transcription factors: Gatad4, Mef2c, and Tbx5 (GMT) [7].
A 2006 report on iPS cells by Yamanaka et al. suggested
that multiple organ-specific transcription factors must be
introduced to directly reprogram fibroblasts into cardio-
myocytes [8]. Ieda et al. created an a-myosin heavy chain
(a-MHC)-GFP mouse that expresses the fluorescent
protein GFP only in differentiated cardiomyocytes. They
established a method for quantitative analysis and screen-
ing of cardiomyocyte induction (GFP-positive) from fibro-
blasts (GFP-negative). They selected fourteen transduction
factors that are expressed specifically in cardiomyocytes in
the mouse fetus and are important for heart formation and
screened them as candidate reprogramming factors. After
introducing all 14 genes simultaneously, approximately
1.7% GFP-positive cells were observed after 1 week,
indicating the presence of direct cardiac reprogramming
factors. The number of candidate factors was reduced from
the initial 14 to three cardiogenic transcription factors,
Gatad, Mef2c, and Tbx5: GMT, which were essential for
direct cardiac reprogramming. Introducing these three
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factors into cardiac fibroblasts resulted in approximately
17% of GFP-positive cells, subsequently named induced
cardiomyocytes (iCMs). Around 4 weeks after induction,
the iCMs developed a striation pattern characteristic of
cardiomyocytes, and some iCMs developed a spontaneous
beat. The iCMs were shown to possess physiological
characteristics that closely resemble cardiomyocytes. This
characterization was based on the presence of a-actinin,
cardiac troponin T (cTnT), and other cardiogenic proteins
in these iCMs and the presence of an action potential and
periodic changes in Ca>* concentration that were identical
to those of mouse neonatal cardiomyocytes.

Recent research has revealed details of the characteristic
features of iCMs. Gene expression in iPSC-derived cardio-
myocytes (iPSC-CMs) and iCMs of the same mouse were
compared, and it was found that the maturation status of
iCMs closely resembled that of cardiomyocytes [9]. iPSC-
CMs exhibited an active cell cycle and a metabolic profile
that indicated glycolysis was the primary means of energy
production. The iCMs exhibited a metabolic profile that
indicated fatty acid oxidation as the primary means of en-
ergy production, similar to adult cardiomyocytes. iCMs
also exhibited repression of cell cycle-related genes. These
findings suggest that iCMs generated by direct reprogram-
ming possess the potential to advance the field of cardio-
vascular medicine, not just in terms of regenerative
medicine, but also in terms of disease models and drug
screening. Cardiac diseases include diverse disorders such
as ischemic heart disease, hereditary cardiomyopathy, and
metabolic heart disease. Individualized/personalized medi-
cine is currently the focus of attention in cardiology. In
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Fig. 2 Schema of future heart regenerative medicine. The outline of heart regenerative medicine in the case of myocardial infarction is shown. When
the heart is damaged due to myocardial infarction, heart failure, and so on, cardiomyocytes are preferentially lost. The fibroblasts of the heart remain
and replace the lost cardiomyocytes. Currently, a method of transplanting iPS-derived cardiomyocytes is becoming a reality (upper side). Another
method is the transduction of the cardiomyocytes based on the remaining fibroblasts. This is the direct cardiac reprogramming (lower side)
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the future, myocardial direct reprogramming technology
may be used to discover effective drugs for each type of
heart disease. In the future, direct cardiac reprogramming
technology may be used to discover effective drugs for
each type of heart disease. In the case of ischemic heart
disease, it is expected that the technology can be used as it
is in theory. In hereditary heart disease, gene editing
technology and direct cardiac reprogramming can be used
for heart regeneration.

Direct cardiac reprogramming in vivo

The discovery of the direct cardiac reprogramming
factor GMT enabled the induction of cardiomyocytes
inside the body. Multiple research groups, including
our research group, have since reported direct cardiac
reprogramming in vivo [10-12]. Each of these studies
created a myocardial infarction mouse model using
coronary artery ligation and introduced genes into the
fibroblasts by injecting a retroviral vector directly into
the infarction site. The authors created individual viral
vectors for each of the three GMT factors, creating an
equal mixture of these three vectors, introduced them
into the mouse model, and verified iCM induction
in vivo. These iCMs were immature, and the efficiency
of induction was poor. The mixing of three separate
vectors was assumed to be the reason for this inad-
equate reprogramming, and therefore, the authors de-
veloped a polycistronic vector (3F2A) that combined
the three factors on a single vector, allowing them to
be introduced uniformly into the fibroblasts. This
system improved the efficiency of cardiomyocyte
induction twofold compared to the use of individual
viral vectors, and a striation pattern was observed in
approximately 30% of iCMs at the infarction site [10].
The direct induction of cardiomyocytes from cardiac
fibroblasts by introducing GMT genes into the
fibroblasts of transgenic mice allowed for fibroblast
tracking. This direct in vivo cardiac reprogramming
improved cardiac function (left ventricular systolic
performance) by approximately 10% after myocardial
infarction and resulted in a significant reduction in
fibrotic tissue [11]. Song et al. reported that including
Hand2 with GMT and introducing genes for these four
factors (GMHT) improved the efficiency of in vivo
reprogramming and a corresponding improvement in
cardiac function was observed [12], similar to that
reported by Qian et al. [11]. Based on these reports,
direct cardiac reprogramming seems achievable in vivo
and it has the potential to become a novel strategy for
cardiac regeneration therapy. As detailed later in this
chapter, research is underway to develop new vectors
that are safe for the host, and we look forward to
evaluating their safety in large animals.
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Direct reprogramming of human fibroblasts into
cardiomyocytes

After successfully inducing cardiomyocytes by direct
reprogramming in vivo, research was initiated into the
direct reprogramming of human fibroblasts into cardio-
myocytes for clinical application. Our group investigated
the efficiency of inducing cardiomyocytes in humans
using the same method used in mice. We found that
GMT factors sufficient for cardiomyocyte induction in
mice were inadequate for cardiomyocyte induction in
humans. We screened for new cardiomyocyte induction
factors and discovered that two cardiomyocyte/cardiac
precursor cell-specific transcription factors, Mespl and
Myocd, were required in addition to GMT for inducing
cardiomyocytes from human cardiac fibroblasts [13].
Human iCMs generated by these five factors—GMT
plus Mespl and Myocd—developed a striation pattern
and expressed cardiomyocyte-specific proteins, but the
human iCMs did not exhibit a spontaneous beat. However,
when co-cultured with rat cardiomyocytes, these human
iCMs started beating in concert and exhibited an action
potential specific to cardiomyocytes. In other studies, direct
cardiac reprogramming of human cardiac fibroblasts re-
quired a combination of six factors (Gatad, Tbx5, Hand?2,
Myocd, miR-1, and miR-133) [14] or seven factors (Gata4,
Mef2c, Tbx5, Mespl, Myocd, Esrrg, and Zfpm?2) [15].
However, each of these research groups reported a lower
cardiomyocyte induction efficiency compared to that
achieved in mouse fibroblasts and had difficulty inducing
functional beating cardiomyocytes.

The genetic basis of the difficulties encountered with
direct cardiac reprogramming of human fibroblasts is
not well understood. Therefore, single-cell RNA
sequencing (scRNA-seq) was used to analyze the
reprogramming process in detail [16]. scRNA-seq was
previously used to analyze iCM induction from mouse
fibroblasts. The key genes for induction were identified,
and iCM induction was found to be inhibited in prolif-
erating fibroblasts with an active cell cycle [17]. When
direct cardiac reprogramming is compared in mice and
humans, iCM induction is repressed in proliferating fi-
broblasts in both humans and mice, but direct cardiac
reprogramming progresses more slowly in humans than
in mice. This finding is in line with previous studies
that failed to induce beating cardiomyocytes. Inflamma-
tion and immune responses hinder the reprogramming
process in mice, and epigenetic modifiers including
TET1 (ten-eleven translocation methylcytosine dioxy-
genase 1) are involved in direct cardiac reprogramming
in humans [16]. Therefore, in addition to an exhaustive
investigation of induction conditions, a more detailed
elucidation of molecular mechanisms using methods
such as scRNA-seq is vital for progress towards clinical
applications. We intend to study the molecular mechanisms
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of direct cardiac reprogramming and make improvements
to direct reprogramming.

Determining the molecular mechanisms of direct
cardiac reprogramming and improving induction
efficiency

Direct cardiac reprogramming was a pioneering discovery
when it was first reported in 2010, but the cardiomyocyte
induction efficiency at the time was low and needed
improvement. However, since studies on direct cardiac
programming were first published, various approaches
have been explored to improve its efficiency. These
approaches can be broadly divided into (1) improving
direct cardiac reprogramming factors, (2) improving cell
culture conditions, and (3) regulating epigenetic factors.
Previously unknown factors that inhibit reprogramming
have been identified, and next-generation sequencing has
elucidated the role of these individual factors in the repro-
gramming process.

Improving direct cardiac reprogramming factors
microRNA (miRNA) has been explored as an alternative
approach to improving induction efficiency by including
transcription factors with GMT, such as GHMT and
GMT + Mespl and Myocd. miRNAs are small RNA
molecules of approximately 21-25 bases that suppress
translation by binding to target messenger RNA
(mRNA) and play an important role in determining cell
fate. Jayawardena reported that directly inoculating
mouse hearts with a lentiviral vector hosting four cardio-
genic miRNAs (miR-1, miR-133, miR-208, and miR-499)
after myocardial infarction directly reprogrammed
cardiac fibroblasts into cardiomyocytes and improved
cardiac function [18]. We reported that adding these
four miRNAs individually and simultaneously to GMT
resulted in faster and more efficient cardiomyocyte
induction, especially with miR-133 added to GMT,
compared to treatment with GMT alone. In human fi-
broblasts, adding miR-133 to the human cardiomyocyte
induction factor GMTMM improved the reprogramming
efficiency by approximately 10-fold. miR-133 represses
fibroblastic genes from an early point in iCM induction.
miR-133 represses Snail, a key gene in this pathway and
a master regulator of the epithelial-to-mesenchymal
transition [19]. This discovery established that iCM
induction can be enhanced by suppressing fibroblastic
traits and laid the groundwork for numerous later
discoveries.

Investigating culture conditions that enhance direct
cardiac reprogramming

Direct reprogramming of fibroblasts into iCMs requires
the elimination of fibroblast traits. Zhao et al. found that
intracellular and extracellular signaling pathways work
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to maintain the functions of a cell, and in the case of fibro-
blasts that possess high chemotactic ability and prolifera-
tion potential, TGF-B (transforming growth factor-p),
Wnt, and ROCK (Rho-associated coiled-coil-containing
protein kinase) cytokines are involved in activating their
chemotactic ability and proliferation potential. Direct car-
diac programming is enhanced by inhibiting the TGF-$
and ROCK signaling pathways with low-molecular-weight
molecules. Inhibiting the TGF-p and ROCK pathways
significantly improves reprogramming efficiency and also
allows for the earlier formation of iCMs with a spontan-
eous beat [20]. Among the 5500 compounds screened for
identifying signaling pathways that enhance the efficiency
of direct cardiac reprogramming, inhibitors of TGF-f3 and
Wnt signals improved the efficiency of induction with
GMT [21].

Signaling pathways that are related to cardiac develop-
ment and cardiac hypertrophy also enhance direct cardiac
reprogramming. Eliciting Aktl overexpression by adding
Aktl to GHMT resulted in enhanced cardiac reprogram-
ming efficiency and the induction of mature cardiomyo-
cytes [22]. Cardiac reprogramming was also enhanced by
repressing Notch signaling. Mef2c transcription is
suppressed by Notch signaling, and the addition of DAPT
((S)-tert-butyl 2-((S)-2-(2-(3,5-difluorophenyl) acetamido)
propanamido)-2-phenylacetate), a Notch signaling path-
way inhibitor, enhanced direct cardiac reprogramming
[23]. Our group also attempted to optimize culture media
for direct cardiac reprogramming by adding cell growth
factors and other cytokines to serum-free media. A com-
bination of fibroblast growth factor (FGF)-2, FGF-10 and
vascular endothelial growth factor (VEGF: FFV) enhanced
the induction efficiency of beating iCMs approximately
40-fold compared to conventional culture methods. The
mechanism behind this effect was the activation of the
PI3K/Akt and p38MAPK pathways by cell growth factors,
which upregulated the gene clusters involved in cardiac
function [24].

Enhancing direct cardiac reprogramming by regulating
epigenetic factors

Cells regulate gene transcription and decide the fate of
cell differentiation by DNA methylation and histone
modification during the differentiation process. The epi-
genetics of target genes are also presumed to change
substantially during the process of direct reprogramming
of fibroblasts into cardiomyocytes. In 2010, we reported
that introducing GMT into fibroblasts caused the de-
methylation of Nppa and Myh6, cardiogenic genes that
are methylated in fibroblasts. Histone H3 lysine 4 tri-
methylation (H3K4me3: active modification) and histone
H3 lysine 27 trimethylation (H3K27me3: repressive
modification) are two of the most widely recognized his-
tone modifications in cardiogenic and fibroblastic genes
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[25]. Introducing GMT into fibroblasts increased
H3K4me3 and reduced H3K27me3 in cardiogenic gene
regions, but decreased H3K4me3 and increased
H3K27me3 in fibroblastic gene regions. GMT together
with short hairpin RNA (shRNA) for genes involved in
histone modifications was introduced into fibroblasts and
assessed for epigenetic factors that regulate direct cardiac
reprogramming. Bmil, a component of a polycomb pro-
tein complex (PRC1) that causes mono-ubiquitination of
histone H2A on lysine 119 (H2AK119ub: repressive modi-
fication), was found to epigenetically inhibit the expression
of cardiogenic genes. Reducing Bmil expression altered
the histone modification of cardiogenic genes, resulting in
a less repressed state. This modification enhanced the
reprogramming efficiency, suggesting that Bmil is an
epigenetic barrier to reprogramming [26].

Pioneer transcription factors have attracted much
attention because they provide important insights into
the mechanisms responsible for binding to nucleosomes
and subsequent transcriptional regulation [27]. In addition,
finding new pioneer transcription factors in cardiac direct
reprogramming may help to gain efficiency.

Age- and inflammation-related suppression of direct
cardiac reprogramming

Fibroblastic features and epigenetics have both been
identified as barriers to direct cardiac reprogramming.
Older neonatal or adult fibroblasts also transform into
cardiomyocytes less efficiently than immature embryonic
fibroblasts [20, 28]. The underlying mechanism is
unknown, and clinical applications would favor efficient
cardiomyocyte induction from neonatal or adult fibroblasts.
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We therefore searched for compounds that enhance cardio-
myocyte induction from these fibroblasts.

A library of 8400 chemical compounds was screened
for compounds that enhance cardiomyocyte induction,
and four compounds that enhance cardiomyocyte induc-
tion from neonatal fibroblasts were identified. Further
screening revealed that cardiomyocyte induction was
enhanced significantly by diclofenac, commonly known as
a non-steroidal anti-inflammatory drug (NSAID), to
GHMT [29]. Adding diclofenac to GHMT upregulated
the expression of cardiogenic proteins and created a
distinct striated muscle pattern specific to the heart.
Adding diclofenac also increased the number of
cardiomyocytes that exhibit spontaneous beating, a
characteristic feature of more mature cardiomyocytes,
by approximately fourfold. This observation indicated
that diclofenac not only enhances cardiomyocyte induc-
tion, but also promotes the maturation of the induced
cardiomyocytes.

The enhancement of cardiomyocyte induction by
diclofenac was specific to neonatal and adult fibroblasts
and was absent in more immature fetal fibroblasts.
Fibroblast gene expression changes with age, and there
is an increased signaling of cyclooxygenase (COX)-2,
prostaglandin E2 (PGE2), and PGE2 receptor EP4 in the
arachidonate cascade with increasing fibroblast age. This
signaling pathway also induced inflammatory and fibrosing
genes further downstream via COX-2/PGE2/EP4/IL-1[3/IL-
1R1 signaling, which suppressed reprogramming-based car-
diomyocyte induction. Diclofenac enhances cardiomyocyte
induction by repressing this pathway, and age and inflam-
mation act as barriers to reprogramming (Fig. 3).
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Fig. 3 Age-related inflammation and fibrosis are barriers to direct cardiac reprogramming [29]. With aging, fibroblasts activate the COX-2/PGE2/
EP4/IL-1B/IL-1R1 pathway. These signaling pathways suppress myocardial induction via expression of fibrosis-related genes (left and middle
panels). Diclofenac promotes myocardial induction by suppressing this pathway (right panel)
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Wang L et al. found that Beclinl (Becnl), an autoph-
agy factor, suppressed the induction of iCM, in a
pathway unrelated to autophagy. Conversely, deletion of
Becnl resulted in the high efficient induction of iCM
from mouse and human fibroblasts [30].

The role of transcription factors in direct reprogramming
The quantitative balance among the transcription factors
introduced during direct cardiac reprogramming has a
major effect on the efficiency of cardiomyocyte induc-
tion. Wang et al. reported that high levels of Mef2c ex-
pression and low levels of Gata4 and Tbx5 expression
were important for enhanced cardiac reprogramming
[31]. Next-generation sequencing has enabled the eluci-
dation of the role of each transcription factor in the
direct reprogramming process. Hashimoto et al. revealed
that fibroblastic genes were repressed, and cardiogenic
genes were induced, from early stages of the reprogram-
ming process, using ChIP-seq analysis of the enhancer
regions of fibroblastic and cardiogenic genes during re-
programming with GMT [32]. These enhancer regions
contain a high frequency of Mef2c binding sites, and the
Gatad and Tbx5 remaining at the Mef2c binding sites
probably induce and regulate cardiogenic genes synergis-
tically from early in the reprogramming process. Adding
Hand2 and Aktl results in binding at new enhancer re-
gions, in addition to the previous enhancer regions, and
therefore enhances the efficiency of induction [32].
Stone and colleagues reported that Mef2c and Tbx5
caused epigenetic changes between 24 and 48 h after the
start of direct cardiac reprogramming by GMT, early in
the reprogramming process [33]. Future advances in
analytical technology will help to elucidate the molecular
mechanisms related to reprogramming, and enable
further improvements in direct programming.

The role of mechanobiology in direct reprogramming
Mechanobiology is believed to be involved in cardiac
embryology and cardiac diseases. However, its role in
direct cardiac reprogramming remains to be elucidated.
The extracellular environment is a key factor in the
success or failure of reprogramming. The polystyrene
culture dishes in which cells are cultured ex vivo have a
hardness of 1 GPa (= 1 x 10°kPa), which is harder than
the cartilage tissue (~ 100 kPa) in vivo. The hardness of
the heart in vivo is around 10 kPa, but fibrotic scar tissue
caused by myocardial infarction is 20-50kPa. It has
been reported that the microenvironment may affect the
differentiation of mesenchymal stem cells [34].
Cardiomyocytes derived from iPS cells show enhanced
cardiomyocyte maturation upon external stretch stimu-
lation [35]. It has been reported that the reprogramming
efficiency of iCMs can be enhanced by seeding fibro-
blasts on a substrate with microgrooves and transducing
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reprogramming factors [36]. Mechanotransduction via
the extracellular matrix may also induce changes in the
chromatin status and affect gene expression. It has been
reported that the efficiency of miRNA-mediated direct
myocardial reprogramming increases when cells are
cultured in a three-dimensional hydrogel, compared to
culturing in a two-dimensional culture [37].

We developed a new hydrogel culture system which
reproduces the stiffness of myocardial tissue (10 kPa)
in vitro. The number of beating iCMs (functional iCMs)
increased threefold in the soft hydrogel culture dishes
compared to regular polystyrene dishes. We found that
YAP/TAZ suppression is involved in soft ECM-mediated
cardiac reprogramming. In contrast, the hard dishes in-
creased YAP/TAZ signaling and fibroblast programming,
which inhibits direct reprogramming into CMs [38]
(Fig. 4). This study is the first report to describe
mechanotransduction of matrix stiffness during direct
cardiac reprogramming [38].

Front-line of direct cardiac reprogramming for
clinical applications

Research into direct cardiac reprogramming is con-
stantly progressing, although there are limitations to its
clinical application, the primary objective. One of these
limitations is the development of viral vectors that are
safe to use in humans. Retroviral vectors or lentiviral
vectors are commonly used to introduce genetic mater-
ial, but these viruses can potentially damage the host cell
genome when introducing multiple genes.

We have created Sendai virus vectors for use in direct
cardiac reprogramming [39]. Sendai virus vectors are
safe for the simultaneous expression of GMT and other
factors. This vector has the advantage of being a non-
integration vector and therefore does not damage the
host cell genome. Sendai viral vectors improved the
efficiency of induction of beating in iCMs by around
100-fold in vitro, compared to previous methods based
on retroviral vectors. One of the reasons for this im-
provement is greater efficiency of protein expression
from genes introduced using the Sendai viral vector,
compared to those introduced using retroviral vectors.
We infected Sendai virus vectors directly into mouse
hearts following myocardial infarction and found that
cardiac reprograming started after 1 week, and cardiac
function improved after 1 month of gene delivery. In
vivo, the Sendai virus vectors mainly infected cardiac fi-
broblasts, the target cells for cardiac reprogramming,
and did not infect cardiomyocytes [39].

Like cardiomyocytes, iCMs are terminally differentiated
cells with no replication potential. At current induction ef-
ficiencies, they are incapable of providing the number of
cardiomyocytes needed for clinical applications. During
embryonic development, the heart is derived from cardiac
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mesodermal cells that have the potential for self-renewal
and the capacity to differentiate into all cardiac cell types.
If fibroblasts could be transformed into cardiac meso-
derm, they may differentiate into cardiomyocytes, vascular
endothelial cells, and smooth muscle cells. Tbx6 is a tran-
scription factor which is widely expressed in the nascent
mesoderm. We revealed that the overexpression of Tbx6
in fibroblasts and PSCs induces direct differentiation into
cardiac mesodermal-like cells that express the cardiac
mesodermal marker Mespl. The induced cardiac meso-
dermal cells from human PSCs differentiated into three
cardiovascular lineages, including CMs, which beat spon-
taneously in culture [40].

Conclusions

Direct cardiac reprogramming induces cardiomyocytes in
situ from cardiac fibroblasts, which proliferate following
cardiac diseases. This could be a potentially new thera-
peutic method for regenerating heart tissue without the
need for cell transplantation. However, there are three
major problems with direct cardiac reprogramming as
follows: (1) the reprogramming efficiency must be im-
proved in humans, (2) the efficiency and safety of in vivo
reprogramming should be demonstrated in pigs and other
large animals before clinical applications, and (3) the mo-
lecular mechanisms of direct reprogramming should be
investigated more in detail. Direct cardiac reprogramming
has so far only been demonstrated in animal models of
myocardial infarction. The efficacy of direct cardiac repro-
gramming must be investigated in models of dilated
cardiomyopathy and other chronic heart diseases which
require regenerative therapies. We look forward to further
advances in cardiac reprogramming research that bring us
closer to cardiac regenerative therapy in the next decades.

Abbreviations

a-MHC: Alpha-myosin heavy chain; COX: Cyclooxygenase; cTnT: Cardiac
troponin T, DAPT: (S)-tert-butyl 2-((S)-2-(2-(3,5-difluorophenyl) acetamido)
propanamido)-2-phenylacetate; FGF: Fibroblast growth factor; GFP: Green
fluorescent protein; GMHT: Gata4, Mef2c, Tox5, Hand2; GMT: Gata4, Mef2c,
and Tbx5; iCMs: Induced cardiomyocytes; IL-1B: Interleukin 163; IL-

1R1: Interleukin 1 receptor type 1; iPS cells: Induced pluripotent stem cells;
iPSC-CMs: iPSC-derived cardiomyocytes; miRNA: MicroRNA;

mMRNA: Messenger RNA; NSAID: Non-steroidal anti-inflammatory drug;
PGE2: Prostaglandin E2; PRC1: Polycomb protein complex; ROCK: Rho-
associated coiled-coil-containing protein kinase; scRNA-seq: Single-cell RNA
sequencing; shRNA: Short hairpin RNA; TGF-B: Transforming growth factor-;
VEGEF: Vascular endothelial growth factor

Acknowledgements
Not applicable

Authors’ contributions

Conceptualization: H.Y., M.l; writing—original draft preparation: H.Y.; funding
acquisition: H.Y,; supervision: M.l. The authors read and approved the final
manuscript.

Funding

This work was supported by research grants (H.Y) from a Grant-in-Aid for Sci-
entific Research (C) from The Ministry of Education, Culture, Sports, Science
and Technology (MEXT KAKENHI) (18 K08047), Fukuda Foundation for
Medical Technology, Daiwa Securities Health Foundation, Miyata Cardiac Re-
search Promotion Foundation, Kawano Masanori Memorial Public Interest In-
corporated Foundation for Promotion of Pediatrics. This work was supported
by research grants (M.l) from the Practical Research Project for Rare/Intract-
able Diseases (JP20ek0109305), the Research Center Network for Realization
of Regenerative Medicine (JP20bm0704030), the Japan Agency for Medical
Research and Development (AMED), the Japan Society for the Promotion of
Science (JSPS; 19 K22613), and the Takeda Science Foundation.

Availability of data and materials
Not applicable

Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable



Yamakawa and leda Inflammation and Regeneration

(2021) 41:20

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Cardiology, Keio University School of Medicine, 35
Shinanomachi, Shinjiku-ku, Tokyo 160-8582, Japan. “Center for Preventive
Medicine, Keio University School of Medicine, Tokyo, Japan. *Department of
Cardiology, Faculty of Medicine, University of Tsukuba, 1-1-1 Tennoudai,
Tsukuba City, Ibaraki 305-8575, Japan.

Received: 4 February 2021 Accepted: 28 May 2021
Published online: 01 July 2021

References

1.

Pinto AR, llinykh A, Ivey MJ, Kuwabara JT, D'Antoni ML, Debuque R, et al.
Revisiting cardiac cellular composition. Circ Res. 2016;118(3):400-9. https://
doi.org/10.1161/circresaha.115.307778.

leda M, Tsuchihashi T, Ivey KN, Ross RS, Hong TT, Shaw RM, et al. Cardiac
fibroblasts regulate myocardial proliferation through betat integrin
signaling. Dev Cell. 2009;16(2):233-44. https://doi.org/10.1016/j.devcel.2
008.12.007.

Sadahiro T, Yamanaka S, leda M. Direct cardiac reprogramming: progress
and challenges in basic biology and clinical applications. Circ Res. 2015;
116(8):1378-91. https.//doi.org/10.1161/circresaha.116.305374.

Yamakawa H, leda M. Strategies for heart regeneration: approaches ranging
from induced pluripotent stem cells to direct cardiac reprogramming. Int
Heart J. 2015;56(1):1-5. https://doi.org/10.1536/ihj.14-344.

David R, Franz WM. From pluripotency to distinct cardiomyocyte subtypes.
Physiology (Bethesda). 2012;27(3):119-29. https.//doi.org/10.1152/physiol.
00044.2011.

leda M. Key regulators of cardiovascular differentiation and
regeneration: harnessing the potential of direct reprogramming to treat
heart failure. J Card Fail. 2020;26(1):80-4. https://doi.org/10.1016/j.cardfa
i1.2019.09.005.

leda M, Fu JD, Delgado-Olguin P, Vedantham V, Hayashi Y, Bruneau BG,

et al. Direct reprogramming of fibroblasts into functional cardiomyocytes by
defined factors. Cell. 2010;142(3):375-86. https://doi.org/10.1016/j.cell.2010.
07.002.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell. 2006;126(4):
663-76. https;//doi.org/10.1016/j.cell.2006.07.024.

Zhou Y, Wang L, Liu Z, Alimohamadi S, Yin C, Liu J, et al. Comparative gene
expression analyses reveal distinct molecular signatures between
differentially reprogrammed cardiomyocytes. Cell Rep. 2017;20(13):3014-24.
https://doi.org/10.1016/j.celrep.2017.09.005.

Inagawa K, Miyamoto K, Yamakawa H, Muraoka N, Sadahiro T, Umei T, et al.
Induction of cardiomyocyte-like cells in infarct hearts by gene transfer of
Gata4, Mef2c, and Tbx5. Circ Res. 2012;111(9):1147-56. https.//doi.org/10.11
61/circresaha.112.271148.

Qian L, Huang Y, Spencer Cl, Foley A, Vedantham V, Liu L, et al. In vivo
reprogramming of murine cardiac fibroblasts into induced cardiomyocytes.
Nature. 2012;485(7400):593-8. https://doi.org/10.1038/nature11044.

Song K, Nam YJ, Luo X, Qi X, Tan W, Huang GN, et al. Heart repair by
reprogramming non-myocytes with cardiac transcription factors. Nature.
2012;485(7400):599-604. https://doi.org/10.1038/nature11139.

Wada R, Muraoka N, Inagawa K, Yamakawa H, Miyamoto K, Sadahiro T, et al.
Induction of human cardiomyocyte-like cells from fibroblasts by defined
factors. Proc Natl Acad Sci U S A. 2013;110(31):12667-72. https//doi.org/10.1
073/pnas.1304053110.

Nam YJ, Song K, Luo X, Daniel E, Lambeth K, West K; et al. Reprogramming
of human fibroblasts toward a cardiac fate. Proc Natl Acad Sci U S A. 2013;
110(14):5588-93. https://doi.org/10.1073/pnas.1301019110.

Fu JD, Stone NR, Liu L, Spencer Cl, Qian L, Hayashi Y, et al. Direct
reprogramming of human fibroblasts toward a cardiomyocyte-like
state. Stem Cell Reports. 2013;1(3):235-47. https://doi.org/10.1016/].
stemcr.2013.07.005.

Zhou Y, Liu Z, Welch JD, Gao X, Wang L, Garbutt T, et al. Single-cell
transcriptomic analyses of cell fate transitions during human cardiac
reprogramming. Cell Stem Cell. 2019;25:149-164.e149. https://doi.org/10.101
6/j.5tem.2019.05.020.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 9 of 10

Liu Z, Wang L, Welch JD, Ma H, Zhou Y, Vaseghi HR, et al. Single-cell
transcriptomics reconstructs fate conversion from fibroblast to cardiomyocyte.
Nature. 2017;551(7678):100-4. https://doi.org/10.1038/nature24454.
Jayawardena TM, Finch EA, Zhang L, Zhang H, Hodgkinson CP, Pratt RE,

et al. MicroRNA induced cardiac reprogramming in vivo: evidence for
mature cardiac myocytes and improved cardiac function. Circ Res. 2015;
116(3):418-24. https;//doi.org/10.1161/circresaha.116.304510.

Muraoka N, Yamakawa H, Miyamoto K, Sadahiro T, Umei T, Isomi M, et al.
MIiR-133 promotes cardiac reprogramming by directly repressing Snail and
silencing fibroblast signatures. EMBO J. 2014;33:1565-81. https://doi.org/10.1
5252/embj.201387605.

Zhao Y, Londono P, Cao Y, Sharpe EJ, Proenza C, O'Rourke R, et al. High-
efficiency reprogramming of fibroblasts into cardiomyocytes requires
suppression of pro-fibrotic signalling. Nat Commun. 2015;6(1):8243. https://
doi.org/10.1038/ncomms9243.

Mohamed TM, Stone NR, Berry EC, Radzinsky E, Huang Y, Pratt K, et al.
Chemical enhancement of in vitro and in vivo direct cardiac
reprogramming. Circulation. 2017;135(10):978-95. https://doi.org/10.1161/
circulationaha.116.024692.

Zhou H, Dickson ME, Kim MS, Bassel-Duby R, Olson EN. Akt1/protein kinase
B enhances transcriptional reprogramming of fibroblasts to functional
cardiomyocytes. Proc Natl Acad Sci U S A. 2015;112(38):11864-9. https://doi.
0rg/10.1073/pnas.1516237112.

Abad M, Hashimoto H, Zhou H, Morales MG, Chen B, Bassel-Duby R, et al.
Notch inhibition enhances cardiac reprogramming by increasing MEF2C
transcriptional activity. Stem Cell Reports. 2017;8(3):548-60. https://doi.org/1
0.1016/j.stemcr.2017.01.025.

Yamakawa H, Muraoka N, Miyamoto K, Sadahiro T, Isomi M, Haginiwa
S, et al. Fibroblast growth factors and vascular endothelial growth
factor promote cardiac reprogramming under defined conditions.
Stem Cell Reports. 2015;5(6):1128-42. https://doi.org/10.1016/j.stemcr.2
015.10.019.

Liu Z, Chen O, Zheng M, Wang L, Zhou Y, Yin C, et al. Re-patterning of
H3K27me3, H3K4me3 and DNA methylation during fibroblast conversion
into induced cardiomyocytes. Stem Cell Res. 2016;16(2):507-18. https://doi.
0rg/10.1016/j.5cr.2016.02.037.

Zhou Y, Wang L, Vaseghi HR, Liu Z, Lu R, Alimohamadi S, et al. Bmi1 is a key
epigenetic barrier to direct cardiac reprogramming. Cell Stem Cell. 2016;
18(3):382-95. https://doi.org/10.1016/j.stem.2016.02.003.

Donaghey J, Thakurela S, Charlton J, Chen JS, Smith ZD, Gu H, et al. Genetic
determinants and epigenetic effects of pioneer-factor occupancy. Nat
Genet. 2018;50(2):250-8. https://doi.org/10.1038/541588-017-0034-3.

Chen JX, Krane M, Deutsch MA, Wang L, Rav-Acha M, Gregoire S, et al.
Inefficient reprogramming of fibroblasts into cardiomyocytes using Gata4,
Mef2c, and Tbx5. Circ Res. 2012;111(1):50-5. https://doi.org/10.1161/circresa
ha.112.270264.

Muraoka N, Nara K, Tamura F, Kojima H, Yamakawa H, Sadahiro T, et al. Role
of cyclooxygenase-2-mediated prostaglandin E2-prostaglandin E receptor 4
signaling in cardiac reprogramming. Nat Commun. 2019;10(1):674. https://
doi.org/10.1038/541467-019-08626-y.

Wang L, Ma H, Huang P, Xie Y, Near D, Wang H, et al. Down-regulation of
Beclin1 promotes direct cardiac reprogramming. Sci Trans| Med. 2020;
12(566):eaay7856. https://doi.org/10.1126/scitransimed.aay7856.

Wang L, Liu Z Yin C, Asfour H, Chen O, Li Y, et al. Stoichiometry of Gata4,
Mef2c, and Thx5 influences the efficiency and quality of induced cardiac
myocyte reprogramming. Circ Res. 2015;116(2):237-44. https://doi.org/10.11
61/circresaha.116.305547.

Hashimoto H, Wang Z, Garry GA, Malladi VS, Botten GA, Ye W, et al. Cardiac
reprogramming factors synergistically activate genome-wide cardiogenic
stage-specific enhancers. Cell Stem Cell. 2019;25:69-86.e65. https.//doi.org/1
0.1016/j.5stem.2019.03.022.

Stone NR, Gifford CA, Thomas R, Pratt KIB, Samse-Knapp K, Mohamed TMA,
et al. Context-specific transcription factor functions regulate epigenomic
and transcriptional dynamics during cardiac reprogramming. Cell Stem Cell.
2019;25:87-102.e109. https;//doi.org/10.1016/j.5tem.2019.06.012.

Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell
lineage specification. Cell. 2006;126(4):677-89. https://doi.org/10.1016/j.cell.2
006.06.044.

Ronaldson-Bouchard K, Ma SP, Yeager K, Chen T, Song L, Sirabella D, et al.
Advanced maturation of human cardiac tissue grown from pluripotent stem
cells. Nature. 2018,556(7700):239-43. https.//doiorg/10.1038/541586-018-0016-3.


https://doi.org/10.1161/circresaha.115.307778
https://doi.org/10.1161/circresaha.115.307778
https://doi.org/10.1016/j.devcel.2008.12.007
https://doi.org/10.1016/j.devcel.2008.12.007
https://doi.org/10.1161/circresaha.116.305374
https://doi.org/10.1536/ihj.14-344
https://doi.org/10.1152/physiol.00044.2011
https://doi.org/10.1152/physiol.00044.2011
https://doi.org/10.1016/j.cardfail.2019.09.005
https://doi.org/10.1016/j.cardfail.2019.09.005
https://doi.org/10.1016/j.cell.2010.07.002
https://doi.org/10.1016/j.cell.2010.07.002
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.celrep.2017.09.005
https://doi.org/10.1161/circresaha.112.271148
https://doi.org/10.1161/circresaha.112.271148
https://doi.org/10.1038/nature11044
https://doi.org/10.1038/nature11139
https://doi.org/10.1073/pnas.1304053110
https://doi.org/10.1073/pnas.1304053110
https://doi.org/10.1073/pnas.1301019110
https://doi.org/10.1016/j.stemcr.2013.07.005
https://doi.org/10.1016/j.stemcr.2013.07.005
https://doi.org/10.1016/j.stem.2019.05.020
https://doi.org/10.1016/j.stem.2019.05.020
https://doi.org/10.1038/nature24454
https://doi.org/10.1161/circresaha.116.304510
https://doi.org/10.15252/embj.201387605
https://doi.org/10.15252/embj.201387605
https://doi.org/10.1038/ncomms9243
https://doi.org/10.1038/ncomms9243
https://doi.org/10.1161/circulationaha.116.024692
https://doi.org/10.1161/circulationaha.116.024692
https://doi.org/10.1073/pnas.1516237112
https://doi.org/10.1073/pnas.1516237112
https://doi.org/10.1016/j.stemcr.2017.01.025
https://doi.org/10.1016/j.stemcr.2017.01.025
https://doi.org/10.1016/j.stemcr.2015.10.019
https://doi.org/10.1016/j.stemcr.2015.10.019
https://doi.org/10.1016/j.scr.2016.02.037
https://doi.org/10.1016/j.scr.2016.02.037
https://doi.org/10.1016/j.stem.2016.02.003
https://doi.org/10.1038/s41588-017-0034-3
https://doi.org/10.1161/circresaha.112.270264
https://doi.org/10.1161/circresaha.112.270264
https://doi.org/10.1038/s41467-019-08626-y
https://doi.org/10.1038/s41467-019-08626-y
https://doi.org/10.1126/scitranslmed.aay7856
https://doi.org/10.1161/circresaha.116.305547
https://doi.org/10.1161/circresaha.116.305547
https://doi.org/10.1016/j.stem.2019.03.022
https://doi.org/10.1016/j.stem.2019.03.022
https://doi.org/10.1016/j.stem.2019.06.012
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1038/s41586-018-0016-3

Yamakawa and leda Inflammation and Regeneration

36.

37.

38.

39.

40.

(2021) 41:20

Sia J, Yu P, Srivastava D, Li S. Effect of biophysical cues on reprogramming
to cardiomyocytes. Biomaterials. 2016;103:1-11. https://doi.org/10.1016/j.
biomaterials.2016.06.034.

Li'Y, Dal-Pra S, Mirotsou M, Jayawardena TM, Hodgkinson CP, Bursac N, et al.
Tissue-engineered 3-dimensional (3D) microenvironment enhances the
direct reprogramming of fibroblasts into cardiomyocytes by microRNAs. Sci
Rep. 2016,6(1):38815. https://doi.org/10.1038/srep38815.

Kurotsu S, Sadahiro T, Fujita R, Tani H, Yamakawa H, Tamura F, et al. Soft
matrix promotes cardiac reprogramming via inhibition of YAP/TAZ and
suppression of fibroblast signatures. Stem Cell Reports. 2020;15(3):612-28.
https.//doi.org/10.1016/j.stemcr.2020.07.022.

Miyamoto K, Akiyama M, Tamura F, Isomi M, Yamakawa H, Sadahiro T, et al.
Direct in vivo reprogramming with Sendai virus vectors improves cardiac
function after myocardial infarction. Cell Stem Cell. 2018,22:91-103.e105.
https://doi.org/10.1016/j.5tem.2017.11.010.

Sadahiro T, Isomi M, Muraoka N, Kojima H, Haginiwa S, Kurotsu S, et al. Tox6
induces nascent mesoderm from pluripotent stem cells and temporally
controls cardiac versus somite lineage diversification. Cell Stem Cell. 2018;
23:382-395.e385. https://doi.org/10.1016/j.stem.2018.07.001.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.biomaterials.2016.06.034
https://doi.org/10.1016/j.biomaterials.2016.06.034
https://doi.org/10.1038/srep38815
https://doi.org/10.1016/j.stemcr.2020.07.022
https://doi.org/10.1016/j.stem.2017.11.010
https://doi.org/10.1016/j.stem.2018.07.001

	Abstract
	Introduction
	Direct reprogramming of fibroblasts into cardiomyocytes
	Direct cardiac reprogramming in�vivo
	Direct reprogramming of human fibroblasts into cardiomyocytes
	Determining the molecular mechanisms of direct cardiac reprogramming and improving induction efficiency
	Improving direct cardiac reprogramming factors
	Investigating culture conditions that enhance direct cardiac reprogramming
	Enhancing direct cardiac reprogramming by regulating epigenetic factors
	Age- and inflammation-related suppression of direct cardiac reprogramming
	The role of transcription factors in direct reprogramming
	The role of mechanobiology in direct reprogramming

	Front-line of direct cardiac reprogramming for clinical applications
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

