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6Direct Cardiac Reprogramming

Sho Haginiwa and Masaki Ieda

Abstract
Recent advances in medical treatment and the development of new mechanical 
devices have greatly improved the prognosis for heart disease patients. However, 
heart disease, particularly heart failure, is still a major health issue with continu-
ously increasing numbers of affected patients. Because adult heart muscle has a 
low regenerative capacity, cardiac function declines with age after cardiac injury. 
A potential approach to solve this problem is regenerative medicine, aiming at the 
remuscularization of damaged hearts. Studies conducted in small animals and 
humans revealed that transplanting various types of cells into failing hearts 
resulted in the repair of injured hearts and improved cardiac function, but the 
effects were modest, and further improvement is needed before the method can be 
widely applied in the clinic. Moreover, true muscle regeneration or cardiac dif-
ferentiation from so far clinically tested adult stem cells seems to be a rare event, 
and the beneficial effects of these cell-based therapies are likely due to paracrine 
factors secreted by the transplanted cells. To regenerate cardiac muscle, it is 
important to first understand the mechanism of cardiac cell fate determination. 
Several groups including ours recently found that somatic cells can be directly 
reprogrammed into cardiomyocyte-like cells using combinations of master regu-
lators. The cardiac reprogramming approach is applicable not only in vitro but 
also in vivo. It can repair injured hearts and improve cardiac function. Thus, this 
new technology may open an avenue for regenerative therapy for heart disease.
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6.1	 �Introduction

Cardiomyocytes are terminally differentiated cells and are generally considered to 
have little regenerative potential. Therefore, after cardiomyocytes are damaged, the 
damaged areas are replaced with fibroblasts and fibrous tissue. Since fibroblasts 
have no contractile activity, cardiac function decreases, resulting in arrhythmia and 
heart failure. Cardiac regenerative medicine has arisen as a promising novel thera-
peutic field to overcome the naturally limited regenerative potential of the heart. The 
approaches for developing cardiac regeneration techniques are currently focused on 
cell transplantation using cardiomyocytes induced ex vivo from stem cells, such as 
embryonic and induced pluripotent stem cells (iPSCs) (Chong et  al. 2014; Lalit 
et  al. 2014; Shiba et  al. 2012). These approaches, however, have multiple chal-
lenges, including tumorigenicity derived from residual pluripotent stem cells, long-
term cell engraftment, and high costs, requiring further improvements (Okano et al. 
2013; Yang et al. 2014). In contrast to cell transplantation, we have been developing 
a novel myocardial regeneration technique for direct reprogramming of cardiac 
non-myocytes (fibroblasts) into cardiomyocytes (Ieda et al. 2010; Inagawa and Ieda 
2013; Sadahiro et al. 2015; Wada et al. 2013; Yamakawa et al. 2015). If pre-existing 
non-cardiomyocytes can be converted to cardiomyocytes within patient’s heart, this 
new approach would be an attractive approach for pharmacologically induced 
remuscularization of the failing heart.

6.2	 �Discovery of Master Regulators for Direct Cardiac 
Reprogramming

In 1987, MyoD was identified as the single master gene for skeletal muscle differ-
entiation (Davis et al. 1987). Similar investigational efforts failed to identify a sin-
gle master gene for myocardial differentiation. The discovery of the four “Yamanaka 
factors” in 2006 suggested that the co-transfection of multiple transcription factors 
could potentially enable the reprogramming of terminally differentiated cells 
(Takahashi et al. 2007a, b; Takahashi and Yamanaka 2006). Thus, we performed a 
similar trial and identified three transcription factors (Gata4, Mef2c, and Tbx5, 
hereafter referred to as GMT) crucial for direct cardiac reprogramming in mice. In 
order to identify the transcription factors, we isolated cardiomyocytes and cardiac 
fibroblasts (CFs) using fluorescence-activated cell sorting (FACS: flow cytometry) 
and screened 14 genes that are specifically expressed in embryonic cardiomyocytes 
and play a critical role in cardiac formation as candidate factors (Ieda et al. 2009, 
2010). Next, we established a genetically modified mouse that specifically expressed 
green fluorescent protein (GFP) only in differentiated cardiomyocytes (αMHC-GFP 
transgenic mouse) and screened gene candidates by quantitatively evaluating GFP 
expression. When all 14 genes were transduced to the CFs via retrovirus vectors, 
GFP-positive cells were detected at a level of approximately 1.7% a week after 
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infection with the virus. Based on further GFP quantitative evaluations after remov-
ing each of the 14 genes, we identified three transcription factors (GMT) that are 
minimally required for cardiomyocyte generation. In addition, we identified a 
higher reprogramming efficiency with GMT (17% of GFP+ cells and 5% of cTnT+ 
cells). We named the cells induced from CFs that express these three transcription 
factors induced cardiomyocytes (iCMs).

We also determined whether iCMs have a similar morphology and function as 
native cardiomyocytes. Immunocytochemistry and microarray methods were 
applied to analyze expression at the protein and gene levels. The immunocytochem-
istry results demonstrated that iCMs express the cardiomyocyte-specific proteins 
α-actinin, cardiac troponin T (cTnT), and atrial natriuretic factor (ANF) and possess 
cardiomyocyte-specific sarcomeric structures. The microarray results demonstrated 
that gene expression changed from a CF pattern to a cardiomyocyte-like pattern, 
and the epigenetic status of histone methylation and DNA methylation was similar 
to that of cardiomyocytes. Functionally, Ca2+ imaging demonstrated similar intra-
cellular Ca2+ kinetics as mouse neonatal cardiomyocytes. Furthermore, we con-
firmed spontaneous beating in some iCMs.

Subsequently, we demonstrated the direct reprogramming of CFs to a cardio-
myocyte fate. Mesp1 and Isl1 are specifically expressed in cardiac progenitor cells 
(CPCs) (Laugwitz et al. 2005; Saga et al. 1999). We generated genetically modified 
mice that expressed yellow fluorescent protein (YFP) in all cells derived from CPCs 
by crossing Mesp1-Cre mice or Isl1-Cre mice with YFP-flox mice (Mesp1-YFP 
mice or Isl1-YFP mice). The iCMs derived from the fibroblasts in these mice did not 
express YFP, providing proof of the direct conversion to iCMs without a step involv-
ing CPCs.

Lastly, we also determined whether non-cardiac fibroblasts can be reprogrammed 
into iCMs by GMT. Mouse tail-tip fibroblasts (TTFs) were reprogrammed using 
GMT retrovirus vectors. The TTFs were successfully able to differentiate into 
αMHC-GFP+ cardiomyocyte-like cells. However, the reprogramming efficiency 
was low, as TTF-derived iCMs accounted for only ~2.5% according to a quantifica-
tion cTnT+ cells, approximately half of the number of CF-derived iCMs. In addi-
tion, although TTF-derived iCMs possessed some cardiomyocyte functions such as 
Ca2+ regulation, they expressed higher levels of H3K27me3, a histone marker for 
gene suppression, in the promoters of cardiac genes than CF-derived iCMs and 
neonatal cardiomyocytes. These lines of evidence suggest that although various 
cells can be reprogrammed into iCMs, the induction rate varies depending on the 
original cell type. We confirmed cardiomyocyte conversion 1 week after the GMT 
infection by cTNT staining; few of the converted cells started to beat 4–5 weeks 
later. These results indicate that iCMs represent a heterogeneous cell population and 
that only 0.01–0.1% of CFs were reprogrammed completely into functional (i.e., 
beating) cardiomyocytes, warranting further improvement. Nevertheless, we identi-
fied the master regulators for cardiomyocytes that are minimally required for car-
diac induction from other somatic cell types.
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6.3	 �New Cardiac Reprogramming Factors 
and Stoichiometry of Transcription Factors  
for Efficient Reprogramming

Although GMT was identified to be a combination of critical transcription factors 
and enabled the reprogramming of mouse fibroblasts into functional cardiomyo-
cytes, the poor induction rate warranted further improvements (Srivastava and Ieda 
2012). Multiple studies on cardiac reprogramming have been performed since our 
report on the three “GMT transcription factors” and production of iCMs (Fig. 6.1).

Song et al. explored the optimal combination of core cardiac transcription factors 
necessary for efficient reprogramming of adult TTFs into functional cardiomyocytes 
(Song et al. 2012). Six cardiac transcription factors were screened using αMHC-GFP 
reporter mice to determine the core factors involved in cardiac reprogramming. 
When Hand2, a basic helix-loop-helix (bHLH) transcription factor, was added to 
GMT (GHMT—Gata4, Hand2, Mef2c, and Tbx5), adult CFs and TTFs were repro-
grammed into functional cardiomyocyte-like cells more efficiently compared to 
other combinations. GMT alone resulted in only approximately 3% of the original 
fibroblasts becoming positive for both αMHC-GFP and cTnT. In contrast, GHMT 
induced approximately 9% of the adult fibroblasts to adopt a cTnT+ and 
αMHC-GFP+ phenotype. In addition, 5% of adult CF-derived iCMs and 1.8% of 
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Fig. 6.1  Modification of reprogramming factors and fibroblast properties affect cardiac repro-
gramming efficiency. (a) Addition of Hand2 to Gata4, Mef2c, and Tbx5 (GMT), a polycistronic 
vector for GMT, and addition of the MyoD-M3 segment to Mef2c promoted cardiac reprogram-
ming. (b) Cardiac reprogramming was inefficient in adult CFs and TTFs
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adult TTF-derived iCMs possessed sarcomere-like structures. Microarray and quan-
titative RT-PCR (qPCR) analyses of gene expression patterns demonstrated the 
upregulation of a broad range of cardiac genes, indicative of a differentiated cardiac-
like phenotype, and concomitant suppression of non-myocyte genes, including Fsp1 
(fibroblast-specific protein 1), in fibroblasts transduced with GHMT. Furthermore, 
when adult CFs or TTFs transduced with GHMT were continuously cultured for 
more than 5 weeks, Ca2+ transients, action potentials (APs), and spontaneous con-
tractions were observed in the cell subsets, indicating that induced cardiomyocyte-
like cells possessed similar functions as native cardiomyocytes (Nam et al. 2014). 
This study also demonstrated that a limited 10-day exogenous GHMT expression 
was sufficient to reprogram the fibroblasts toward a cardiomyocyte fate. This result 
suggests that GHMT may play a critical role in the onset of reprogramming, but 
thereafter, the reprogramming can continue to progress without exogenous GHMT 
expression. Based on these study results, the addition of Hand2 to GMT is consid-
ered to improve the efficiency of reprogramming of fibroblasts into cardiomyocytes 
compared to GMT alone (Nam et al. 2014; Song et al. 2012).

Protze et al. used a different approach to identify the optimal combination of 
transcription factors (Protze et al. 2012). They did not search a pool of transcrip-
tion factor candidates for a single crucial gene but directly screened all triplet com-
binations of ten candidate factors combined with a qPCR assay to determine 
multiple cardiac-specific genes (MYH6, Myl2, Actc1, Nkx2.5, and SCN5A). 
Through this screening method, the combination of Mef2c, Myocd, and Tbx5 
(MMT) was found to upregulate a broader spectrum of cardiac genes compared to 
other combinations. When neonatal CFs were transduced with MMT or GMT via 
lentivirus vectors, the expression of proteins involved in cardiac contractility and 
sodium and potassium ion channels were observed, and 0.08% of the CFs exhib-
ited spontaneous contractions as well as action potential. These results indicate 
that the transduction of MMT as well as GMT can directly reprogram neonatal CFs 
into functional cardiomyocytes.

Addis et al. reported that Nkx2.5 is another important cardiac reprogramming 
factor that can improve the functionality of iCMs (Addis and Epstein 2013; Addis 
et al. 2013). They analyzed combinations of reprogramming factors using calcium 
activity in iCMs as a functional measure of cardiomyocytes. They constructed a 
GCaMP5 reporter lentivirus that allows for the real-time detection of calcium flux 
in live cells driven by the cardiomyocyte-specific troponin T (TNNT2) promoter. 
They transduced the GCaMP5 reporter virus containing the reprogramming factors 
into mouse fibroblasts. The results indicated that the addition of Nkx2.5 to GMT 
produced more functional cardiomyocytes, with 0.7  ±  0.3% of cells exhibiting 
GCaMP activity at 14 days post-induction, which was 22.5-fold higher than that 
with GMT alone (0.03 ± 0.02%). They also showed that the addition of Nkx2.5 to 
GHMT further increased the number of functional iCMs up to 1.6 ± 0.3% of the 
cells expressing GCaMP5, which is a 52-fold increase over GMT alone. Nkx2.5 did 
not increase the number of iCMs by promoting cell proliferation; instead, Nkx2.5 
and Hand2 augmented the expression of cardiac genes related to excitation–con-
traction coupling, such as phospholamban (Pln) and calsequestrin (Casq2).

6  Direct Cardiac Reprogramming
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Hirai et al. reported that fusion of the MyoD transactivation domain to the pluri-
potency transcription factor Oct4 facilitated the transcriptional activity of Oct4, 
resulting in the highly efficient production of iPSCs (Hirai et al. 2010). They then 
applied this strategy to iCMs and showed that fusion of the MyoD transactivation 
domain to the cardiac reprograming factor Mef2c could greatly promote the direct 
reprogramming of fibroblasts into cardiomyocyte-like cells (Hirai et al. 2013). They 
fused the MyoD domain to Mef2c, Gata4, Hand2, and Tbx5 and transduced these 
four genes in various combinations into mouse fibroblasts. Transduction of the chi-
meric Mef2c with the wild-type forms of other three genes produced a much higher 
number of beating iCMs than with the other combinations of reprogramming fac-
tors. The induction efficiency of beating iCMs using chimeric Mef2c was 3.5%, 
which was 15-fold greater than when using the wild-type GHMT.  Although the 
MyoD domain effectively increased the efficiency of iCM generation when fused at 
the carboxy terminus of Mef2c, it was not effective when fused to the other repro-
gramming factors Gata4, Hand2, and Tbx5. These results suggest that an optimal 
balance of the transcriptional activities of reprogramming factors is critical for suc-
cessful cardiac induction; however, the exact molecular basis for this remains 
elusive.

Wang et al. also reported that a precise stoichiometry of GMT is critical for the 
efficiency and quality of iCM generation (Wang et al. 2014). They generated all 
possible combinations of G, M, and T with identical 2A sequences in a single trans-
gene and transduced these viral vectors into mouse fibroblasts. They demonstrated 
that each combination of G, M, and T gave rise to distinct G, M, and T protein 
expression levels and that the MGT vector that expressed a higher protein level of 
Mef2c and lower levels of Gata4 and Tbx5 significantly enhanced reprogramming 
efficiency compared to the other GMT variants. Finally, the MGT vector resulted in 
more than a tenfold increase in the number of beating iCM loci than the separate 
GMT vectors, and the molecular characterization revealed that the optimal stoichi-
ometry of G, M, and T correlated with the high expression of cardiac genes (Muraoka 
and Ieda 2015).

Given that a precise stoichiometry and the transcriptional activity of reprogram-
ming factors are critical for reprogramming, it is conceivable that not all laborato-
ries can reproduce cardiac reprogramming due to subtle differences in experimental 
conditions (Carey et  al. 2011; Polo et  al. 2012; Qian et  al. 2013). Chen et  al. 
reported that they could not produce functional iCMs using lentiviral GMT vectors 
from adult mouse fibroblasts (Chen et al. 2012). Although they were able to gener-
ate partially reprogrammed iCMs expressing some cardiac markers, the cells did 
not beat spontaneously or exhibit APs, suggesting that they were not fully repro-
grammed iCMs.

In contrast to iCM generation, the induction of iPSCs has been widely repro-
duced by many laboratories. The iPSCs can expand indefinitely under standardized 
culture conditions, and the iPSC colonies are easily detected in the culture dish.  
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In contrast, iCMs do not proliferate because they are post-mitotic cells, which may 
hinder the detection of low numbers of beating iCMs (Yoshida and Yamanaka 
2012b). Collectively, the available data highlight that cardiac reprogramming needs 
further optimization of the reprogramming factors and that defined culture condi-
tions are necessary to establish a routine procedure that can be performed in a wide 
range of laboratories, as discussed below.

6.4	 �Identification of MicroRNAs for Cardiac Reprogramming

MicroRNAs (miRNAs) are ∼22-nucleotide RNAs that modulate gene expression by 
inhibiting mRNA translation and promoting mRNA degradation (Liu and Olson 
2010). Previous studies have revealed that MEF2 and SRF regulate the expression 
of two bicistronic muscle miRNA clusters encoding miR-133a-1/miR-1-2 and miR-
133a-2/miR-1-1  in the embryonic and adult heart (Zhao et  al. 2005). Loss-of-
function mutation studies of these miRNAs in mice revealed that miR-1 and 
miR-133a regulate the gene expression programs required for normal cardiac 
growth and function (Zhao et  al. 2007). For example, the absence of miR-133a 
expression results in the ectopic expression of smooth muscle genes and aberrant 
cardiomyocyte proliferation in the developing heart, leading to embryonic lethality 
in half of the mutant mice (Liu et al. 2008). These abnormal phenotypes can be 
attributed, at least in part, to the elevated expression of SRF and cyclin D2, which 
are direct targets of miR-133a. These results demonstrated that miRNAs and tran-
scription factors orchestrate a complex network involved in normal heart develop-
ment and cardiac cell fate determination.

There are four known muscle-specific miRNAs, miR-1, 133, 208, and 499, 
which regulate various stages of cardiac differentiation and development. 
Jayawardena et al. reported that a combination of these four miRNAs can repro-
gram mouse neonatal CFs into cardiomyocyte-like cells in vitro (Jayawardena 
et al. 2012). Their study demonstrated that a transduction of miR-1, 133, 208, 
and 499 resulted in 5% of adult fibroblasts from αMHC-CFP mice possessing an 
αMHC-CFP+ phenotype. In addition, the induced cells expressed cardiac-spe-
cific proteins and sarcomeric structures, indicative of iCMs. Furthermore, a JAK 
inhibitor improved the induction rate and quality of the miRNA-mediated repro-
gramming, leading to high induction rate of 1–2% of the initial fibroblast popu-
lation into iCMs with spontaneous contractions. Although induction by miRNAs 
alone may not be sufficient to reprogram the fibroblasts from other origins such 
as tail-tip fibroblasts into cardiomyocytes, these results demonstrated miRNAs 
can reprogram at least CFs into functional cardiomyocytes. However, the molec-
ular mechanisms of cardiac reprogramming by these miRNAs were not 
clarified.
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We identified the molecular mechanisms and direct target of miR-133a in 
cardiac reprogramming (Muraoka and Ieda 2014; Muraoka et al. 2014). We also 
analyzed the cardiac reprogramming efficiency when using the miR-1, 133, 208, 
and 499 miRNAs in mouse embryonic fibroblasts (MEFs). We found that the 
miRNAs alone were not sufficient for cardiac reprogramming in MEFs, but the 
addition of miR-133a to GMT greatly increased the reprogramming efficiency 
compared with other miRNAs. Compared to GMT alone, miR-133a overexpres-
sion with GMT generated sevenfold more cTnT+ cells and beating iCMs from 
MEFs and shortened the duration to induce beating cells from 30 to 10 days. 
Microarray analyses revealed that more than 100 genes were downregulated by 
miR-133a, many of which were fibroblast-related genes, such as Col1a1, 
Col1a2, Fn1, and Postn. While the expression levels of Ccnd2, Cdc42, Hand2, 
RhoA, and Srf, which have been shown previously to be the direct targets of 
miR-133a, were not significantly altered, the expression of Snai1, a master reg-
ulator of epithelial-to-mesenchymal transformation, was significantly downreg-
ulated by miR-133a overexpression. Snai1 is a putative direct target of miR-133a 
and contains two conserved miR-133a-binding sites within its 3′-UTR as shown 
by bioinformatics analyses. Luciferase assays confirmed that miR-133a binds to 
both sites. The expression levels of Snai1 mRNA and protein were suppressed 
by miR-133a transduction, suggesting that Snai1 is a new direct target of miR-
133a. To investigate the possible contribution of Snai1 to cardiac reprogram-
ming, we suppressed Snai1 expression with siRNA in GMT-transduced MEFs. 
Snai1 knockdown suppressed fibroblast genes, upregulated cardiac gene expres-
sion, and promoted cardiac reprogramming, recapitulating the effects of miR-
133a overexpression. In contrast, overexpression of Snai1  in GMT/
miR-133a-transduced cells suppressed reprogramming by maintaining fibro-
blast signatures. MiR-133a-mediated Snai1 repression was also critical for car-
diac reprogramming in adult mouse and human CFs. These results suggest that 
miR-133a-induced Snai1 and fibroblast gene suppressions are critical for car-
diac reprogramming. Given that Snai1 suppression is also important for iPSC 
generation, which requires a mesenchymal-to-epithelial transition before repro-
gramming, Snai1 is a common target for cellular reprogramming from fibro-
blasts (Li et al. 2010; Unternaehrer et al. 2014). Moreover, the balance between 
master regulators of original cells (fibroblasts) and target cells (iCMs or iPSCs) 
may determine the success of the cell fate switch in general. Further studies 
might identify other new targets of the miRNAs involved in cardiac reprogram-
ming, as miRNAs have numerous targets related to signal transduction, tran-
scription factors, and epigenetic regulation. Nonetheless, this is the first study 
demonstrating a molecular circuit and mechanism of cardiac reprogramming 
(Fig. 6.2).
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Fig. 6.2  Mechanisms of cardiac reprogramming. (a) Addition of miR-133, a TGFβ inhibitor, and a 
ROCK inhibitor increased cardiac reprogramming by repressing pro-fibrotic signaling, while TGFβ 
reduced it by maintaining fibroblast signatures. These interventions changed the generation of partially 
reprogrammed iCMs at the early stage of cardiac reprogramming. (b) Cultivation of the reprogrammed 
cells in serum-free medium with FGF2, FGF10, and VEGF promoted the conversion of partially 
reprogrammed iCMs into fully reprogrammed iCMs at the late stage of cardiac reprogramming. 
FGF2, FGF10, and VEGF increased the expression of cardiac reprogramming factors (Hand2, Nkx2.5, 
and Gata6) via the PI3K/Akt and p38MAPK pathways. The defined conditions increased the expres-
sion of Gata4 and enabled cardiac reprogramming with only MT. Activation of Akt1 promoted cardiac 
reprogramming and maturation of iCMs with alteration of mTOR and FoxO expression levels
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6.5	 �Inhibition of Pro-fibrotic Signaling with Small 
Molecules Enhances Cardiac Reprogramming

Several small molecules have been utilized to enhance the differentiation of pluripo-
tent stem and progenitor cells to cardiomyocytes and to promote the reprogramming 
of fibroblasts into iPSCs (Burridge et al. 2014; Kattman et al. 2011; Li et al. 2010). 
Ifkovits et al. reported that the inhibition of transforming growth factor β (TGFβ) 
signaling by small molecules increased the direct conversion of mouse fibroblasts to 
iCMs (Ifkovits et  al. 2014). They overexpressed GHMT plus Nkx2.5 (GHMNT) 
with the calcium indicator GCaMP5, driven by the cTnT promoter, to quantify iCM 
yield in MEFs. They screened five small molecules, including a G9a histone meth-
yltransferase inhibitor (BIX01294), canonical Wnt signaling activator (CHIR99021), 
Wnt inhibitor (XAV939), TGFβ/Activin/Nodal inhibitor (SB431542), and BMP 
inhibitor (DMH1), which were reported to promote directed differentiation from 
pluripotent stem cells to cardiomyocytes and iPSC reprogramming. Among them, 
only SB431542 promoted cardiac induction by GHMNT, and LY364947, a specific 
inhibitor of TGFβ, also showed similar effects. In contrast, addition of TGFβ to the 
culture media greatly reduced cardiac induction, suggesting that inhibition of TGFβ 
signaling increased the efficiency of iCM generation.

These results were confirmed and analyzed in more detail by Zhao et al. (2015). 
They performed RNA sequencing to identify the genes that were regulated by 
GHMT overexpression at day 7. Surprisingly, not only cardiac gene but also pro-
fibrotic gene expression was activated during GHMT-mediated cardiac reprogram-
ming at day 7. The expression of fibrotic genes was reduced 12 days post-GHMT 
infection, suggesting that transient activation of pro-fibrotic signaling at the early 
stage of reprogramming may inhibit the conversion of fibroblasts into cardiomyo-
cytes. TGFβ signaling is an important pathway involved in controlling fibrotic 
events, and the expression levels of TGFβ signaling components, including phos-
phorylated Smad transcription factors, Smad2 and Smad3, and Tgfb2 and Tgfbr1, 
were all upregulated by GHMT transduction during the early stage of cardiac repro-
gramming. They showed that stimulation of pro-fibrotic signaling by TGFβ1 sup-
plementation attenuated cardiac reprogramming by GHMT or GHMT plus miR-1 
and 133 (GHMT2m). The addition of miR-1 and 133 to GHMT significantly 
decreased the expression of pro-fibrotic genes concomitant with the activation of 
cardiac genes, which was consistent with our previous data (Muraoka et al. 2014). 
In addition to TGFβ signaling, Rho triggers the formation of stress fibers and stimu-
lates pro-fibrotic events via activation of its downstream effector, Rho-associated 
kinase (ROCK). Treatment with the ROCK inhibitor Y-27632 decreased the expres-
sion of the fibrotic genes Fn-EDA and aSMA and promoted cardiac reprogramming 
with GHMT and GHMT2m. Treatment of MEFs with A83-01, a selective inhibitor 
of TGFβ signaling, also decreased the phosphorylation of Smad2 and inhibited the 
expression of Fn-EDA, Col1a1, Col3a1, and SMA in GHMT- and GHMT2m-
infected cells. Although A83-01 alone did not induce cardiac reprogramming in 
MEFs, the addition of A83-01 to GHMT or GHMT2m transduction greatly increased 
the cardiac reprogramming efficiency, with up to 60% of the MEFs reprogrammed 
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into functional iCMs. The electrophysiological analysis revealed that APs were 
recorded from single spontaneously beating cells on day 9 of reprogramming. The 
APs of iCMs mimic those of fetal or nodal cardiomyocytes, as they show a high rate 
of spontaneous firing, short AP durations, and slow upstroke velocity, suggesting 
that they were an immature myocyte form. The frequency of cell contraction and 
spontaneous calcium transients in the iCMs were modulated by the administration 
of isoproterenol, a β-adrenergic agonist, and nifedipine, a blocker of L-type calcium 
channels, suggesting that functional excitation–contraction coupling machinery and 
β-adrenergic signaling components were developed in the iCMs. Inhibition of TGFβ 
signaling by A83-01 also enhanced the reprogramming of adult cardiac and dermal 
fibroblasts into functional cardiomyocytes, with frequencies of 2.5% and 4%, 
respectively. These results suggest that the inhibition of pro-fibrotic signaling by 
small molecules promotes cardiac reprogramming, but the manipulation of other 
molecules and signaling pathways will be necessary to further improve cardiac 
reprogramming in adult fibroblasts.

6.6	 �PI3K/Akt and p38MAPK Pathways Enhanced Cardiac 
Reprogramming Under Defined Culture Conditions

Our previous results demonstrated that transduction with GMT activated cardiac 
reporters and protein expression in ~20% of fibroblasts after 1 week; however, only 
0.1% of the starting fibroblasts were fully reprogrammed into functional iCMs 
after 4 weeks under conventional serum-based culture conditions, suggesting that 
most cells remained partially reprogrammed or immature iCMs with the original 
method (Ieda et al. 2010). As discussed above, inhibition of fibroblast signatures 
by miR-133 and small molecules promoted cardiac reprogramming at the early 
stage of reprogramming; however, the molecular mechanisms underlying the con-
version of partially reprogrammed cells into functional iCMs at the later stage 
remained unclear (Sadahiro et al. 2015). Moreover, the use of undefined serum-
containing medium in the original method was associated with considerable batch-
to-batch variation in cardiac reprogramming, leading to the variable and low 
reprogramming efficiencies in previous studies (Chen et al. 2012; Srivastava and 
Ieda 2012; Yoshida and Yamanaka 2012b). Recently, we were the first to describe 
the defined culture conditions that increased cardiac reprogramming by 100-fold 
compared with the conventional serum-based conditions (Yamakawa et al. 2015). 
We screened eight cardiogenic compounds and found that a combination of fibro-
blast growth factor (FGF) 2, FGF10, and vascular endothelial growth factor 
(VEGF), termed FFV, greatly improved the quality of cardiac reprogramming in 
mouse fibroblasts under serum-free culture conditions. FFV did not increase the 
generation of partially reprogrammed iCMs, while this treatment activated multi-
ple cardiac transcriptional regulators, including Gata4/6, Hand2, and Nkx2.5, and 
converted partially reprogrammed iCMs into functional iCMs through the p38 
mitogen-activated protein kinase (MAPK) and phosphoinositol 3-kinase (PI3K)/
AKT pathways. Moreover, FFV enabled cardiac reprogramming with only Mef2c 
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and Tbx5 without the need for Gata4, which may enable pharmacological repro-
gramming in the future. Thus, our results demonstrated that the FGF- and VEGF-
mediated PI3K/Akt and p38MAPK signaling pathways are critical for the late 
stage of cardiac reprogramming, which has been a major hurdle for successful 
reprogramming. Identifying the efficient, reproducible, and defined culture condi-
tions at least for mouse cells could allow for the standardization of the cardiac 
reprogramming procedure and lead to further improvements in the protocol in the 
future.

Consistent with our results, Zhou et al. reported that Akt dramatically enhanced 
cardiac reprogramming in three different types of fibroblasts (mouse embryo, adult 
cardiac, and tail tip) (Zhou et al. 2015). They used a retroviral expression library and 
screened 192 protein kinases that might augment the generation of functional iCMs 
by GHMT. They found that Akt1 overexpression induced Akt1 phosphorylation and 
increased the expression of cardiac genes, whereas a kinase-dead form of Akt1 
abrogated the stimulatory activity on GHMT, suggesting that activation of Akt sig-
naling is critical for cardiac reprogramming. Approximately 50% of the repro-
grammed MEFs displayed spontaneous beating after 3 weeks of induction by Akt 
plus GHMT, while ~1% of the adult CFs and TTFs could be reprogrammed into 
beating iCMs with the same treatment, suggesting that some epigenetic barriers still 
exist in adult fibroblasts. Nevertheless, the iCMs generated by Akt plus GHMT 
displayed a more mature phenotype compared with those generated without Akt and 
that were polynucleated, hypertrophic, and responsive to β-adrenoceptor pharmaco-
logic modulation. Mechanistically, insulin-like growth factor 1 (IGF1) and PI3K 
acted upstream of Akt, whereas the mitochondrial target of rapamycin complex 1 
(mTORC1) and forkhead box o3 (Foxo3a) acted downstream of Akt to promote 
cardiac reprogramming. These findings provide new insights into the molecular 
mechanisms of cardiac reprogramming and might be valuable for future research on 
human cardiac reprogramming (Fig. 6.2).

6.7	 �Discovery of Human Cardiac Reprogramming Factors

We determined whether cardiomyocytes can be induced from human fibroblasts by 
direct reprogramming (Wada et al. 2013). First, we transduced GMT into human CFs 
in  vitro; however, there was insufficient induction of cardiomyocytes. Thus, we 
explored new human cardiac reprogramming factors. When Mesp1 and Myocd, 
which are cardiomyocyte or CPC-specific transcription regulators, were added to 
GMT (GMT  +  Mesp1  +  Myocd, hereafter referred to as GMTMM), the cardiac 
induction rate was improved. Microarray analysis demonstrated that the GMTMM-
mediated human iCMs had increased expression levels of cardiomyocyte-specific 
genes and possessed sarcomeric structures. In addition, under co-culture conditions 
with primary cultured rat cardiomyocytes, the human iCMs demonstrated physical 
cardiac functions, indicating that the five factors of GMTMM can induce the repro-
gramming of human CFs to cardiomyocyte-like cells. We also demonstrated that the 
addition of miR-133a to GMTMM increased cardiac reprogramming in human 
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fibroblasts via Snai1 repression. The induction of the cardiac markers α-actinin and 
cTnT increased from ~2% to ~27% by the addition of miR-133a (Muraoka et al. 
2014).

Nam et  al. also reported that the mouse reprogramming factors GHMT were 
ineffective in activating cardiac gene expression in human fibroblasts and that 
Myocd was required for human cardiac induction (Nam et al. 2013). Furthermore, 
the addition of miR-1 and miR-133a improved the myocardial conversion of human 
fibroblasts and eliminated the requirement for Mef2c in cardiac induction from 
human neonatal foreskin fibroblasts, adult CFs, and dermal fibroblasts. The induced 
human cardiomyocyte-like cells expressed multiple cardiac genes and developed 
sarcomere-like structures. Although the efficiency of inducing cTnT-expressing 
cells from human fibroblasts was 10–20%, only a small subset of the cells could 
exhibit spontaneous contractility after 11 weeks of culture.

Fu et al. reported that GMT plus Esrrg, Mesp1, Myocd, and Zfpm2 induced 
global cardiac gene expression and a phenotypic shift to a cardiac fate in human 
fibroblasts derived from human ESCs (Fu et al. 2013). While most cells were 
partially reprogrammed, a subset of human iCMs had sarcomere structures, cal-
cium transients, and APs. They demonstrated that the epigenetic status of human 
iCMs resembled that of hESC-derived cardiomyocytes in terms of DNA and 
histone methylation status and that the iCMs were stably reprogrammed to a 
cardiac state without the need for the continuous expression of reprogramming 
factors.

Islas et  al. reported that the transient overexpression of Ets2 and Mesp1, fol-
lowed by activin A and BMP2 treatment, could reprogram human dermal fibro-
blasts into cardiac progenitor-like cells (Islas et  al. 2012). The induced cardiac 
progenitor-like cells differentiated into immature cardiomyocytes that expressed 
several cardiac genes and exhibited sarcomeric structures and Ca2+ activities in a 
prolonged culture. Given that the induced progenitor-like cells formed colonies in a 
culture dish and expressed several cardiac progenitor genes, the route of cardiac 
induction by Ets2 and Mesp1 seemed to be different from that with the direct car-
diac reprogramming performed by our group and other groups (Fu et al. 2013; Nam 
et al. 2013; Wada et al. 2013). These findings represent an important initial step 
toward potential therapeutic applications of the direct reprogramming approach in 
clinical situations. However, cardiac reprogramming of human fibroblasts was 
much slower and less efficient than that in mouse fibroblasts, and future studies are 
needed to optimize the necessary reprogramming factors and culture conditions for 
human cardiomyocyte induction and functional maturation.

6.8	 �Systemic Approach to Identify the Transcription Factors 
Required for Direct Reprogramming

Thus far, identification of the key transcription factors required for reprogram-
ming has been performed by a process of exhaustive testing of large sets of plau-
sible transcription factors (Han et al. 2014; Huang et al. 2011, 2014; Ieda et al. 
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2010; Riddell et al. 2014; Sekiya and Suzuki 2011; Vierbuchen et al. 2010; Zhou 
et al. 2008). As there are roughly 2000 different transcription factors, it is techni-
cally challenging to test all possible combinations of factors necessary for cardiac 
reprogramming. Recently, the Daley and Collins groups developed a network 
biology platform, CellNet, which can compare gene regulatory networks in engi-
neered cell populations with those in in vivo counterparts and identify systemati-
cally the factors that can improve cellular reprogramming (Fig. 6.3) (Cahan et al. 
2014; Morris et al. 2014). In the case of cardiac reprogramming, Cahan et al. used 
CellNet to analyze the gene regulatory network of the GMT-induced aMHC-
GFP+ population derived from mouse fibroblasts, of which the vast majority of 
the cells were partially reprogrammed iCMs (Cahan et al. 2014). They found that 
the aMHC-GFP+ cells were exclusively classified as cardiomyocytes; however, 
multiple cardiac transcription factors, including Gata6, Tbx20, Hand2, and 
Nkx2.5, were incompletely activated in the GMT-mediated aMHC-GFP+ popula-
tion. As discussed, at least some of the candidate factors, such as Hand2 and 
Nkx2.5, could improve the cardiac reprogramming by GMT, suggesting that this 
approach can be valuable for screening cardiac reprogramming factors (Addis 
et al. 2013; Song et al. 2012).

Training
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Gata4

Tbx5

Mef2c

Gata4

Tbx5

Mef2c

...
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b

c

Fibroblasts
iCMs

Reprogramming

Input CellNet

Differentiation

Differential expression 
analyses

Output

FACS

ScreeningCandidate factors 

Local network Mogrify prediction

Fig. 6.3  Strategies to identify reprogramming factors. (a) Candidate approach for identification of 
reprogramming factors. Candidate factors defined empirically or experimentally are screened in 
in vitro experiments. (b) CellNet accurately assessed the fidelity of cellular engineering and identi-
fied the transcription factors that might be needed to enhance reprogramming. (c) The Mogrify 
algorithm for predicting transcription factors for cell conversion. The cell type ontology tree, gene 
expression data, and network analyses are used to predict the reprogramming factors necessary to 
induce cell conversion
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More recently, Rackham et al. reported a predictive system (Mogrify) that com-
bines human gene expression data with regulatory network information to predict 
the reprogramming factors necessary to induce cell conversion (Rackham et  al. 
2016). They applied Mogrify to 1173 human cell types and 1134 tissues and defined 
a cellular reprogramming atlas. To assess the predictive power of Mogrify, they first 
determined how Mogrify performed against previously published human cell con-
versions. Mogrify predicted NANOG, OCT4, and SOX2 as the top three transcrip-
tion factors for iPSC conversion, a combination that was experimentally validated. 
For the conversion of human dermal fibroblasts into cardiomyocytes, Mogrify’s 
predicted list included Gata4, Hand2, Mef2c, Nkx2.5, and Tbx5. Mogrify correctly 
predicted the transcription factors used in known transdifferentiations, and the aver-
age recovery rate of published transcription factors was 84%. Thus, these predictive 
computational programs can be useful to identify new transcription factors that 
could improve the efficiency of human cardiac reprogramming.

6.9	 �Cardiac Regeneration by In Vivo Direct Cardiac 
Reprogramming

For use in regenerative medicine, it would be ideal if cardiomyocytes could be repro-
grammed from the endogenous CFs in situ. Based on our in vitro results, we determined 
whether the direct reprogramming approach could also be used to reprogram endoge-
nous CFs into cardiomyocytes by applying cardiac reprogramming factors in  vivo 
(Inagawa et al. 2012). We used a myocardial infarction (MI) mouse model, which was 
generated by coronary artery ligation. Retrovirus vectors were directly injected to trans-
fer the transcription factors to the CFs on the day of coronary artery ligation. After 
2 weeks, the hearts were removed, and the induction of cardiomyocytes was evaluated. 
In the negative control group that received a control retrovirus vector injection, there 
was no induction of cardiomyocytes from fibroblasts. In contrast, the group that received 
the GMT retrovirus vector injection exhibited induction of cardiomyocytes from fibro-
blasts. However, the majority of the inducted cells were immature cardiomyocyte-like 
cells, suggesting that all three transcription factors might not be transferred into the cells 
simultaneously. Thus, we constructed a single polycistronic GMT to ensure simultane-
ous delivery of the three factors. As a result, multiple cardiac genes were expressed, and 
the induction rate of sarcomere+ cardiomyocytes increased by twofold.

Similar outcomes were reported by multiple research groups. Qian et al. directly 
injected a GMT retrovirus into the mouse heart after coronary ligation and reported 
that 35% of the cardiomyocytes from the border/infarct zone were iCMs newly 
derived from endogenous CFs (Qian et al. 2012). Approximately 50% of the iCMs 
exhibited functional characteristics of adult ventricular cardiomyocytes, including an 
organized sarcomeric structure, cell contraction, electrophysiologic properties, and 
functional coupling to other cardiomyocytes. In order to determine whether iCMs 
were derived from CFs, genetic lineage tracing with a fibroblast-specific gene was 
applied using the transgenic mice (Postn-Cre and Fsp1-Cre with reporter mice) after 
direct injection with the GMT retrovirus into the heart. The post-MI myocardium 
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contained iCMs, which expressed Postn-Cre- or Fsp1-Cre-induced reporter expres-
sion, confirming that these iCMs were derived from CFs and not from native cardio-
myocytes. In addition, the functional evaluation after MI revealed that GMT 
retrovirus injection significantly improved cardiac function and suppressed fibrosis 
at least up to 3 months after the cardiac infarction.

Song et al. generated an ischemic cardiac disease mouse model and reported that 
GHMT retrovirus injection reprogrammed endogenous CFs into functional 
cardiomyocyte-like cells (Song et  al. 2012). They also used transgenic mice with 
fibroblast lineage tracing and demonstrated that 2–6% of the cardiomyocytes from the 
border/infarct zone were newly induced cardiomyocyte-like cells. The newly differen-
tiated cardiomyocyte-like cells possessed similar characteristics as the endogenous 
cardiomyocytes, such as a clear sarcomeric structure and functional properties. Their 
study also determined whether the newly induced cardiomyocyte-like cells might 
have arisen from the fusion of native cardiomyocytes with non-cardiomyocytes using 
mice with an inducible αMHC-MerCreMer transgene and Rosa26-LacZ reporter. The 
results demonstrated that cardiomyocyte-like cells were newly differentiated and 
independent of cell fusion. Lastly, GHMT-transduced mice had a twofold higher car-
diac ejection fraction compared to the control mice. Furthermore, the damaged scar 
area was reduced by 50% at 12 weeks post-myocardial infarction.

Mathison et al. reported that in a rat cardiac infarction model, intramyocardial 
treatment with the proangiogenic VGEF together with GMT transduction enhanced 
the recovery of cardiac function and reduced the fibrosis area compared to GMT 
transduction alone (Mathison et al. 2012). This beneficial effect of VGEF treatment 
suggests that VEGF-mediated neovascularization may at least partially contribute to 
improved differentiation and survival of newly iCMs in the damaged myocardium, 
resulting in improved recovery after MI.

Jayawardena et  al. used transgenic mice (Fsp1-Cre) with reporter mice and 
genetic tracing of fibroblast origin and demonstrated that direct injection of lentivi-
ral miR-1, 133, 208, and 499 into the mouse heart after MI reprogrammed endoge-
nous CFs into cardiomyocyte-like cells (Jayawardena et  al. 2014). They used 
Fsp1-Cre mice for the linage tracing of non-myocytes and found that 12% of cardio-
myocytes in the border/infarct area were newly generated iCMs. Serial cardiac echo 
mapping revealed that there was a progressive improvement in ventricular function 
following miRNA treatment, which began 1 month post-surgery and was enhanced 
at 3 months, similar to the period required for reprogramming using transcription 
factors. Thus, our group and other groups demonstrated that cardiac reprogramming 
can be achieved in vivo by efficiently transferring cardiac reprogramming factors 
into CFs (Fig. 6.4). Furthermore, in vivo cardiac reprogramming reduced scar size 
and improved cardiac function after MI, suggesting that in vivo cardiac reprogram-
ming might be a promising approach for regenerative medicine. Given that endog-
enous CFs can be converted into more fully reprogrammed functional iCMs using 
in  vivo reprogramming than using in  vitro conditions, undefined factors in the 
microenvironment may improve the quality of cardiac reprogramming, which will 
be investigated in future studies (Yoshida and Yamanaka 2012a).
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Fig. 6.4  In vitro and in vivo cardiac reprogramming

�Conclusions

The heart consists of various types of cells, and cardiomyocytes account for only 
30% of the total cells in the heart. Because of the low regenerative capability of 
adult cardiomyocytes, once they are damaged, they will be replaced by fibro-
blasts and fibrous tissue, resulting in impaired cardiac function and arrhythmia. 
Cardiac regenerative medicine has traditionally focused on procedures in which 
cardiomyocytes are prepared ex vivo and transplanted into the damaged heart. 
However, if a procedure for the direct reprogramming of endogenous CFs into 
cardiomyocytes using reprogramming factors is developed, it could become a 
promising therapeutic approach.

To date, our group and other groups have reported cardiac reprogramming 
in vitro and in vivo. However, the current reprogramming efficiency is not suffi-
cient, especially in human cardiac reprogramming, and further improvement of 
the protocol and a better understanding of the molecular mechanisms are needed. 
In addition, the protocol using retrovirus vectors may potentially alter cellular 
function due to insertional mutagenesis by the integration of transgenes, requir-
ing further investigation for safety concerns. Nevertheless, since our first discov-
ery of cardiac reprogramming in 2010, there has been enormous progress in this 
direct reprogramming field as discussed in this chapter. We believe that future 
research can overcome these challenges, leading to the practical use of direct 
cardiac reprogramming in the regeneration of the failing heart.
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Direct cardiac reprogramming converts endogenous CFs directly into cardio-
myocytes by defined factors in vivo. The cardiac reprogramming factors identi-
fied in in vitro experiments can be applied to in vivo reprogramming. The fibrous 
tissue that mainly consists of CFs and extracellular matrix can be repaired by 
cardiac reprogramming.
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