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REVIEW

Direct Cardiac Reprogramming
— Converting Cardiac Fibroblasts to Cardiomyocytes —

Taketaro Sadahiro, MD, PhD

Cardiovascular disease is the leading cause of death and disability worldwide. Despite advances in cardiovascular therapy, mortality in
heart disease still remains high. Direct cardiac reprogramming is a promising approach for cardiac tissue repair involving in situ
generation of new cardiomyocytes from endogenous cardiac fibroblasts. Although, initially, the reprogramming efficiency was low,
several developments in reprogramming methods have improved the in vitro cardiac reprogramming efficiency. Subsequently, in
vivo cardiac reprogramming has demonstrated improvement in cardiac function and fibrosis after myocardial infarction. Here, we
review recent progress in cardiac reprogramming as a new technology for cardiac regeneration.
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and disability worldwide. Because adult cardiac

regenerative capacity is limited, dead cardiomyo-
cytes (CM) are replaced by fibroblasts, leading to cardiac
fibrosis, adverse ventricular remodeling, and significantly
impaired heart function, which is associated with poor
prognosis.1-2 Despite advances in cardiovascular pharma-
cotherapy and implantable medical devices, the mortality
in heart failure still remains high. Although heart trans-
plantation improves the prognosis, there are relatively few
donors in Japan. Therefore, cardiac regenerative therapy
is a rapidly emerging field aimed at repairing injured hearts.
A promising approach for heart regeneration is the use of
allogeneic pluripotent stem cell (PSC)-derived CM, such as
embryonic stem cells and induced PSC (iPSC). With regard
to PSC-derived CM, however, there are challenges to over-
come before clinical application, such as low engraftment
after cell transplantation, and the tumorigenic potential.3
In 2010, we discovered a novel approach to generating
CM in an injured heart, which led to an approach for heart
repair through direct cardiac reprogramming, where resi-
dent cardiac fibroblasts (CF) are converted to induced
CM-like cells iICM) without reverting to PSC through
transduction of cardiac-specific transcription factors. In this
review, we summarize the advances in cardiac repro-
gramming for application in heart repair.
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Direct Reprogramming of Fibroblasts
Into CM by Defined Factors

Discovery of Direct Cardiac Reprogramming by Gata4,
Mef2c, and Thx5

The generation of specific cells from abundant and acces-
sible cells holds great promise for regenerative medicine. In
2006, Takahashi and Yamanaka made the groundbreaking

discovery that overexpression of 4 transcription factors,
Oct4, Sox2, Kl1f4, and c-Myc (also known as the Yamanaka
factors), in mouse fibroblasts induces a pluripotent state.
The discovery of iPSC provided new approaches for gener-
ating desired cell types by overexpressing lineage-specific
factors.? The heart consists of CM and non-myocytes, such
as endothelial cells, smooth muscle cells and CF. CM
account for 30% of all cells in the heart. Recently developed
techniques and genetic tools have been able to clarify the
distribution of major non-myocyte cardiac cell types, with
CF constituting 20% of the non-myocytes in the heart.®
Moreover, resident CF can be activated and increased in
response to various types of cardiac injury, contributing to
scar formation upon cardiac damage and poor prognosis.”®
Thus, CF are a source of abundant and accessible non-
myocytes in an injured heart, and represent a potential
source of CM for cardiac regeneration.

We hypothesized that overexpression of key develop-
mental cardiac regulators could, in mouse fibroblasts,
induce a cardiac state. To test this hypothesis, we first
generated a-myosin heavy chain promoter-driven enhanced
green fluorescent protein («eMHC-GFP) transgenic mice,
in which cells with activated cardiac programs express
GFP. Following retroviral expression of candidate genes
in CF, we found that a combination of 3 transcription
factors (Gatad4, Mef2c, and Tbx5; GMT), could directly
convert CF into iCM.!10 Lineage-tracing experiments
confirmed that cardiac progenitor genes were not activated
during the reprogramming process, suggesting that fibro-
blasts were converted directly into iCM without passing
through a progenitor cell state. iCM had similar morphology
and function to those of endogenous CM, such as well-
organized sarcomeric structures, similar global gene expres-
sion profiles, and spontaneous beating.

It is important to understand how a transcription factor
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Figure. Challenges to generating cardiomyocytes for cardiac regeneration. Myocardial fibrosis was resolved and cardiac function
improved after cardiac direct reprogramming. iCM, induced cardiomyocyte-like cells.
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could directly control the reprogramming process; for
example, promoter and enhancer elements of cardiac-
specific genes would be accessible for transcription factor
binding in fibroblasts. GMT promotes expression of genes
associated with CM while simultaneously repressing the
fibroblast gene program. Recent integrated sequence
analysis showed that Mef2c plays an essential role during
cardiac reprogramming.!’-12 Mechanistically, Mef2c and
Tbx5 independently promote chromatin remodeling at
previously inaccessible sites and induce binding of the addi-
tional reprogramming factors. Moreover, GMT rapidly
silences fibroblast enhancers and synergistically activates
cardiac enhancers highly enriched with Mef2c binding sites.
Thus, the 3 components of GMT independently, and in
collaboration, initiate cell fate conversions.

Development of Cardiac Reprogramming

Optimization of reprogramming cocktails and modification
of signaling pathways and epigenetic alterations represent
potential strategies to promote reprogramming efficiency
and maturation. Song et al investigated the optimal
combination of 6 conserved cardiac-lineage transcription
factors, including GMT, and demonstrated that GMT
factors plus Hand2 resulted in more efficient reprogramming
of CF into beating iCM as compared with GMT alone.!3
Alternatively, combinations of microRNA (miR) could
directly convert CF into iCM. miR play an important role
in cell fate and embryonic cardiac development by regulating
numerous genes related to signaling pathways, transcription
factors, and epigenetic regulators.!415 Jayawardena et al
demonstrated how a combination of muscle-specific miR
(miR-1, miR-133, miR-208, and miR-499) with CF could
be used to successfully generate functional iCM.1617 miR
bind to the 3’ untranslated region of their target mRNA to
repress protein translation. Muraoka et al found that miR-
133 plus GMT improves cardiac reprogramming by miR-
133 by directly targeting Snail, a master regulator of the
epithelial-to-mesenchymal transition.'® miR-133 plus GMT
also shortened the time required to induce beating iCM, to
one-third of that using GMT alone. They also found that
fibroblast signatures are a barrier to efficient cardiac repro-
gramming and need to be silenced to allow successful

reprogramming.!8 Subsequently, many groups demonstrated
that inhibition of pro-fibrotic signaling pathways promoted
reprogramming efficiency. The transforming growth factor
(TGF)-B, Wnt and Roh-kinase (ROCK) pathways play a
key role in fibroblast activation. Ifkovits et al showed that
inhibition of TGF-f signaling increased cardiac repro-
gramming by silencing fibroblast signatures.!* Mohamed
et al confirmed that inhibition of TGF-f and Wnt signaling
enhanced cardiac-reprogramming efficiency and matura-
tion.20 Moreover, Zhao et al showed that inhibition of
TGF-f and ROCK pathways convert fibroblasts into iCM
with an efficiency of up to 60%.2! Inhibition of pro-fibrotic
pathways promotes cardiac reprogramming, although
activating the Akt pathway enhanced generation of mature
iCM. Zhou et al found that activation of the Akt] pathway
promoted reprogramming efficiency and iCM maturation.??
Yamakawa et al found that serum-free culture medium
containing cariogenic growth factors, such as fibroblast
growth factor (FGF)2, FGF10, and vascular endothelial
growth factor (VEGF), greatly enhanced the generation
of beating mature iCM by activating the p38 Mitogen-
activated Protein Kinase (MAPK) pathway and the phos-
phoinositide 3-kinase/Akt pathway.?? This suggested that
modifications of signaling pathways may alter the efficiency
of direct cardiac reprogramming.

The selection of the starting cell type is another key
choice in successful direct reprogramming. The starting
fibroblast type may ease or impede the reprogramming
process, depending on the cellular context upon which the
GMT act. Mouse embryonic fibroblasts (MEF) are easily
converted into fully reprogrammed iCM, whereas cardiac
reprogramming of more differentiated fibroblasts, such as
CF and adult tail-tip fibroblasts (TTF), is difficult and has
been achieved only in immature iCM.5 Recently, we found
that inflammation acts as a barrier to direct cardiac repro-
gramming, particularly in aged TTF.?# High-throughput
screening of 8,400 chemical libraries for compounds asso-
ciated with cardiac reprogramming indicated that diclofenac
sodium, a non-steroidal anti-inflammatory drug, promotes
reprogramming efficiency and maturation in adult TTF, but
not in MEF, in combination with GMT. Mechanistically,
cyclooxygenase-2 (COX-2) is strongly expressed in adult

Circulation Reports Vol.1, December 2019



566

SADAHIRO T

TTF, as compared with MEF, in an age-dependent manner.
Diclofenac enhances cardiac reprogramming by inhibiting
signaling associated with COX-2, prostaglandin E2 receptor
4, cyclic AMP/protein kinase A, and interleukin-1f, and by
silencing inflammatory and fibroblast programs, which are
activated in adult TTF. Thus, a better understanding of the
molecular mechanisms will result in successful cardiac
reprogramming, and promote the development of novel
methods for cardiac reprogramming.

In Vivo Direct Cardiac Reprogramming
and Heart Repair

The goal of cardiac regenerative therapy is to provide a
functional CM to replace the lost myocardium in vivo.
Interestingly, in vivo conditions have the potential to
promote greater reprogramming efficiency and maturity.
In vivo direct reprogramming in mice was reported following
retroviral or lentiviral delivery of reprogramming factors
following acute myocardial infarction (MI).13.17.25.26 The
lineage-tracing approach demonstrated that these newly
generated iCM were derived from resident CF and formed
gap junctions with endogenous CM.13 In vivo reprogram-
ming improved cardiac systolic function, and scar areas
were significantly smaller at 8 weeks after MI in the in vivo
reprogramming group than in the control group. Moreover,
on genome-wide transcriptional profiling, in vivo iCM had
a closer similarity to bona fide CM than in vitro iCM.?’
This indicated that the unidentified factors in the native
microenvironment in vivo, including extracellular matrix,
secreted proteins, and that electromechanical stimulation
might enforce direct cardiac reprogramming.28

To translate this new therapeutic approach into clinical
use, the development of a safe delivery vector is required to
avoid insertional mutagenesis. Although retroviral vectors
selectively infect non-CM, mainly CF, in infarcted hearts,
these vectors risk the integration of the delivered gene
sequences into host chromosomes. Recently, Miyamoto
et al developed a Sendai virus vector expressing GMT
(SeV-GMT) and demonstrated its use for successful in vivo
direct cardiac reprogramming after MI.2? In contrast to
retroviral vectors, SeV does not integrate into the host
genome. Moreover, this new integration-free SeV-GMT
enhanced in vivo cardiac reprogramming compared with
conventional retrovirus vectors. Although further refine-
ments are needed, in vivo cardiac reprogramming with SeV
might be a promising approach for cardiac regeneration in
the future.

Challenges for Clinical Translation in
Direct Cardiac Reprogramming

Despite substantial progress in this field, several challenges
remain to be overcome prior to clinical application.
Although in vivo cardiac reprogramming has allowed
impressive improvements in cardiac function and fibrosis
after acute M1,1320.2526.29 jt remains to be determined whether
in vivo cardiac reprogramming could be applied to chronic
heart failure, such as chronic MI. It is technically difficult
to inject viral vectors into the infarcted hearts due to thin
scar tissue and the re-thoracotomy procedure. Moreover,
a gene delivery system to resident CF remains elusive,
which may hinder research into cardiac reprogramming in
chronic heart failure. Cardiac reprogramming in human CF
also remains inefficient.20-3-32 Although critical factors have

been identified in mouse cardiac reprogramming, GMT is
insufficient to achieve human cardiac reprogramming and
additional reprogramming factors are needed. Human iCM
generated with GMT plus additional factors have been
shown to express cardiac genes, sarcomeric structures, and
Ca?* activity in a prolonged culture, but they did not beat
spontaneously. Recently, single-cell RNA sequencing
showed that human cardiac reprogramming progresses at
a much slower rate toward the iCM fate than does murine
reprogramming.3 It was also shown that inflammation is
critical for human iCM reprogramming.33 Although the
inflammatory response was identified as a molecular barrier
to cardiac reprogramming in mouse cells, inhibition of
inflammatory signaling led to a profound reduction in
human iCM induction through epigenetic changes.3* The
mechanism underlying the opposite roles of inflammation
in mouse and human cells in cardiac reprogramming is also
still to be clarified. Despite the challenges that still remain,
we believe that new technologies and continuing research
into cardiac reprogramming may provide new insights to
rapidly overcome these hurdles, and that this promising
approach can be clinically applied in the near future
(Figure).
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