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Myocardial infarction leads to the loss of a huge number of cardiomyocytes and the reparatory response
to this phenomenon is scar tissue formation, which impairs heart function. Direct reprogramming
technology offers an alternative strategy for the generation of functional cardiomyocytes not only in vitro,
but also in vivo in the site of injury. Results have demonstrated cardiac tissue regeneration and
improvement in heart function after myocardial infarction following local injection of vectors encoding
reprogramming transcription factors or miRNAs. This shows the great potential of cardiac reprogram-
ming technology for heart regeneration. However, in addition to cardiomyocytes, other cell types,
including endothelial cells and smooth muscle cells are also required to be generated in the damaged
area in order to achieve complete cardiac tissue regeneration. To this aim induced proliferative/
expandable cardiovascular progenitor cells (iCPCs) appear to be an appropriate cell source, which is
capable of differentiation into three cardiovascular lineages both in vitro and in vivo. In this regard, this
study goes over in vitro and in vivo cardiac reprogramming technology and specifically deals with cardiac
progenitor reprogramming and its potential for heart regeneration.
© 2018 Guangzhou Institutes of Biomedicine and Health, Chinese Academy of Sciences. Production and
hosting by Elsevier B.V. on behalf of KeAi. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiac diseases are the major cause of morbidity and take the
lives of millions of people worldwide.1 Due to the inadequacy of
heart for regeneration, cardiac injury results in excessive fibrosis
and consequently adverse remodeling and impairment of heart
function.2 Regarding the large number of cardiac fibroblasts3,4 and
feasibility of in vitro reprogramming of fibroblasts into induced
cardiomyocytes (iCMs), in vivo conversion of resident cardiac fi-
broblasts into iCMs has been found a promising strategy for
induced regeneration.5 Multiple effective efforts have been
accomplished and confirmed the potential of direct reprogram-
ming of cardiac fibroblasts of the infarcted area into iCMs for heart
regeneration and improvement in heart function.6 These findings
illustrate the importance of direct cardiac reprogramming as a new
technology and its promise for future regenerative cardiac thera-
pies in human.
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Nevertheless, it should be admitted that mature cardiomyocytes
cannot completely replenish injured area while regeneration needs
a variety of cell types. In this respect, cardiac-fate restricted pro-
genitor cells capable of differentiation to three cardiovascular lin-
eages appear to be required to be induced in situ. Accordingly, in
situ production of induced cardiac progenitor cells (iCPCs) may
achieve more success than the cardiomyocyte reprogramming. This
is due to their potential for differentiation into three major cardiac
cell types, which can provide the injured heart with both contrac-
tile cells and blood vessels.7,8 Thus, lineage-restricted induced
progenitors seem to have superiority over the terminally differen-
tiated iCMs for reconstruction of a diseased or damaged tissue.

The current study reviews what is known about in vitro and
in vivo direct cardiac reprogramming and specifically discusses
direct reprogramming into cardiac progenitor cells and its superi-
ority over terminally specialized cardiomyocytes for heart
regeneration.
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2. Direct reprogramming into cardiomyocytes

Ectopic expression of lineage-instructive transcription factors
was first shown capable of direct cellular reprogramming by
Weintraub laboratory in 1986. Weintraub and colleagues revealed
that mouse fibroblasts can be converted into stable myoblasts by
transcription factor (TF) MyoD.9,10 Then, in a pioneering attempt for
in vivo direct reprogramming, in 1996, Murry and colleagues indi-
cated that injection ofMyoD adenovirus into rat cardiac granulation
tissue can induce expression of myogenin and embryonic MHC
(embryonic myofiber phenotype) in a limited number of cells.11

In 2006, direct reprogramming re-attracted attentions by the
advent of induced pluripotent stem cell (iPSC) technology.12 To
date, various lineage-specific TFs have been identified and a variety
of cell types have been produced using this approach.5,13 Notably,
transcription factors are chosen according to their role during heart
development and during a process of trial and elimination a min-
imum set of factors are selected to induce cardiac fate in different
types of somatic cells (e.g. embryonic and adult skin and cardiac
fibroblasts).

In the field of cardiac reprogramming, a number of efforts have
been accomplished for the production of iCMs from fibroblasts. In
2010, Ieda et al14 found that a combination of three cardiac TFs,
including Gata4, Mef2c, and Tbx5 (GMT) can transdifferentiate
mouse postnatal cardiac and dermal fibroblasts into functional
iCMs in vitro. Afterwards, Song et al supplemented GMT with
Hand2 and exhibited that GHMT reprograms adult murine fibro-
blasts into contracting iCMs in vitro with more efficiency than
GMT.15 Meanwhile, Jayawardena et al displayed that miRNAs 1, 133,
208, and 499a, in a single transient transfection, can reprogram
mouse cardiac fibroblasts to functional iCMs and that JAK inhibitor I
can improve efficiency of the process up to 10 fold.16 Exploring the
effect of miRNAs on the TF mediated reprogramming, Muraoka et al
reported that addition of miR-133a to GMT (GMT/miR-133a) en-
hances cardiac reprogramming of mouse fibroblasts in terms of
kinetics and efficiency by suppressing fibroblast program, which is
an important barrier of cardiac reprogramming.17 This method
yielded 7-fold more beating iCMs in comparison with GMT alone.

Interestingly, Ding and colleagues developed a new approach
named cell-activation and signaling-directed (CASD) lineage con-
version18,19 to convert mouse fibroblasts into cardiomyocytes. To
elaborate, they induced a plastic state in mouse fibroblasts by
transient expression of pluripotency factors (Oct4, Sox2, Klf4, and c-
Myc; OSKM) and then lineage-specific signals (small molecule Ja-
nus kinase (JAK) inhibitor) were employed to establish cardiac fate
in OSKM induced cells. In 2014, they redressed their CASD method
and reprogrammed mouse adult and embryonic fibroblasts into
spontaneously contracting iCMs using Oct4 alone and a small
molecule cocktail consists of CHIR99021 (Wnt activator), SB431542
(TGF-b inhibitor), Parnate, and Forskolin (SCPF).20 This data vali-
dated the viability of application of small molecules in the precise
establishment of cardiac fate.

To improve the efficiency and quality of cardiac reprogramming
processmultiple endeavors have been completed by experimenting
different TFs and environmental cues. In this respect, Protze et al21

found that up-regulation of a wider range of cardiac genes can be
achieved by overexpression of Tbx5, Mef2c, and Myocd rather than
GMT. Although produced iCMs didn't beat, they expressed cardiac
contractile proteins and generated cardiac-like sodium and potas-
sium currents and action potentials. Then, Addis and colleagues
demonstrated that addition of Hand2 and Nkx2.5 to original GMT
(HNGMT) converts mouse fibroblasts into cardiomyocytes 50 times
more efficient than GMT alone.22

Accelerating direct reprogramming, Hirai et al fused GMT and
Hand2 (GHMT) with MyoD transactivation domain and showed
that chimeric Mef2c with the wild-types of Gata4, Tbx5 and Hand2
can produce not only larger beating clusters of iCMs, but also
quicker and with more efficiency (15-fold) than the four wild-type
genes.23 Identification and inhibition of reprogramming barriers
will increase the efficiency of the process24,6 and close this tech-
nology to the clinical setting. Detecting TGF-b signaling pathway as
a barrier of cardiac reprogramming, Ifkovits et al,25 meanwhile,
displayed that chemical inhibition of TGF-b by SB432542 can
improve five times the efficiency of HNGMT-mediated reprog-
ramming of embryonic and adult fibroblasts. In this respect, Song
and colleagues found that inhibition of pro-fibrotic signaling using
small molecule inhibitors of RhoA-ROCK or TGF-b signaling
considerably enhances the efficiency of GHMT plus miR-1 and miR-
133 (GHMT2m) up to 60% in the conversion of mouse embryonic
and adult fibroblast into beating cardiomyocytes.26 This finding
provides a strategy for highly efficient and rapid reprogramming to
beating cardiomyocyte by chemical suppression of pro-fibrotic
signaling.26

Obviating the need for further genetic manipulations and also
undefined effects of serum, which can reduce reprogramming ef-
ficiency, Yamakawa et al developed a serum-free medium con-
taining a combination of FGF2, FGF10, and VEGF, named FFV that
can greatly increase the quality of the mouse GMT reprogram-
ming.27 Moreover, FFV in the presence of IWP4, an inhibitor of Wnt
signaling, increased the efficiency by approximately 100-fold
compared to the conventional FBS condition. Mechanistically,
acting through the p38MAPK and PI3K/AKT pathways, FFV
enhanced efficiency by rising conversion of partially reprog-
rammed iCMs into mature functional iCMs.

In a recent study, Olson and colleagues in a study found that
addition of Akt 1 to GHMT factors (AGHMT) enhances quantity and
quality of transdifferentiation.28 They reported that Notch signaling
is a roadblock to cardiac reprogramming and that its inhibition
improves the process. Interestingly, in a cooperative manner, Notch
inhibition and Akt1 activation boosted the efficiency of the method
up to 70%, while 45% of the generated cardiomyocytes showed
spontaneous beating.29

Toward an integration-free reprogramming approach, Fu et al
reprogrammed mouse fibroblasts into spontaneously contracting
iCMs using only chemical cocktails in a two-stage reprogramming
strategy.30 Avoiding the use of viral vectors, this can be considered
as a safer method for iCM production for potential clinical
applications.

Collectively, these data illustrate the applicability of direct car-
diac reprogramming by different methods, which suggests ideas
for drug testing, disease modeling, cell therapy and in vivo
reprogramming.

3. In vivo cardiac reprogramming

Promising results of in vitro cardiac reprogramming have led
scientists to investigate the applicability of direct cardiac reprog-
ramming in vivo. In 2012, four independent laboratories reported
encouraging results of in vivo cardiac transdifferentiation in mouse
myocardial infarction models.15,16,6,31e33 In this regard, Qian et al
reported that injection of retroviral vectors encoding GMT into
peri-infarct areas of mouse heart can reprogram resident cardiac
fibroblasts into functional iCMs. The newly generated cells were
electrically mature and improved heart function 3 months after MI.
Similarly, Song et al revealed that non-cardiomyocyte cells of an
infarcted myocardium can be converted into functional car-
diomyocytes by GMT plus Hand2 (GHMT) more efficient than
GMT.15 GHMT also diminished scar size and improved heart func-
tion 12 weeks after MI. Confirming these studies, Inagawa et al
indicated successful reprogramming of resident non-myocytes into
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iCMs using a polycistronic vector encoding GMT.31 In detail,
regarding the notion that a single-promoter polycistronic vector
can achieve higher efficiencies than separate viral vectors31,34,35

and to avoid heterogeneous and imperfect delivery of genes, sin-
gle polycistronic retroviral vectors expressing GMT were used to
induce cardiac reprogramming in vivo in mouse31 and rat34 hearts
following MI.

Then, it was shown that in vivo cardiac reprogramming can be
achieved by lentiviral vectors encoding miR-1, �133, �208,
and �499 (miR combo).16 Jayawardena et al proved that miRNA
reprogrammed cells are functional mature cardiomyocytes and that
this method improved heart contractile function gradually during 6
months.36 This indicates that miRNA-mediated reprogramming can
be a therapeutic approach to induce cardiac regeneration after
injury.

Improving the efficiency of reprogramming, Qian and colleagues
found that stoichiometric expression of G, M, and T influences the
efficiency of reprogramming and the quality of iCMs.37 They indi-
cated that a polycistronic vector expressing a moderately high level
of M and low level of G and T (MGT) can increase reprogramming
efficiency and also heart functionmore than the combined separate
G/M/T viruses.35 Thus, one factor that can affect reprogramming is a
homogeneous and stoichiometric expression of reprogramming
factors.

Recently, Srivastava and colleagues improved the process by
chemical inhibition of cardiac reprogramming barriers. After
intramyocardial injection of GMT into infarcted hearts, they intra-
peritoneally injected small-molecules SB431542 (TGF-b inhibitor)
and XAV939 (WNT inhibitor) every day for 2 weeks. This treatment
considerably improved the efficiency of in vivo cardiac reprog-
ramming, remuscularization and heart function compared with
GMTalone. This finding reveals the importance of the application of
small molecules as inhibitors of barriers and enhancers of induced
regeneration. However, more research is required toward a
chemical-only in vivo cardiac reprogramming and regeneration.

4. Cardiac progenitor reprogramming

Production of cardiomyocytes through direct reprogramming is
a viable strategy for heart regeneration and to date multiple studies
have reported successful reprogramming of fibroblasts into
iCMs.14,16,22 However, terminally differentiated cardiomyocytes are
not the only cell type which is required for heart regeneration and
they cannot repopulate and robustly replenish damaged area.
Suggestively, a cardiac-fate restricted progenitor cell type capable
of generating three cardiovascular lineages is desired to be induced.
To enlighten, in addition to the generation of contractile cardiac
cells, production of a functional cardiac tissue needs other cell
types, including endothelial cells and smooth muscle cells that are
Table 1
Selected reports of cardiac progenitor reprogramming.

Starting cells Delivery system

Human normal dermal fibroblasts Lentivirus or TAT-ETS2 and
TAT-MESP1 Proteins

Human Adult Dermal Fibroblasts Nonviral, QQ-reagent based
protein delivery system

Secondary mouse embryonic fibroblasts Doxycycline inducible Oct4,
Sox2, Klf4 and Myc (OSKM)

Adult mouse cardiac fibroblasts
Adult lung fibroblasts
Adult tail tip fibroblasts

Lentivirus

Embryonic and adult mouse fibroblasts.
Human skin fibroblasts

Retrovirus
building blocks of blood vessels. To this aim, induced proliferative/
expandable cardiovascular progenitor cells (iCPCs) appear to be an
appropriate cell source.7,8 Recently, several studies reported
reprogramming of fibroblasts into iCPCs and also their potential for
heart regeneration by differentiation into three cardiovascular
lineages when transplanted into the infarcted area (Table 1, Fig. 1).

In 2012, Islas et al showed that lentivirus-mediated forced
expression of transcription factor ETS2 for one week converts
normal human dermal fibroblasts into FLK1þ and PECAM1þ highly
replicative small rounded cells, which is of the characteristics of
endothelial and cardiac progenitors.38 Furthermore, over-
expression of MESP1 activated the appearance of FLK1 and PECAM1
without significant change in the shape of fibroblasts. This finding
shows that ETS2 or MESP1 could induce cardiovascular gene
expression in human fibroblasts. Indeed, these FLK1þ, PECAM1þ

and Nkx2.5þ cells are cardiovascular progenitors with potential for
differentiation into cardiomyocytes (CMs), endothelial cells (ECs),
and smooth muscle cells (SMCs) and are not specifically committed
to terminal cardiogenesis.38e40 Then, to induce cardiomyocyte fate
in human fibroblasts, they found that co-expression of ETS2 and
MESP1 for 4 days followed by 2 days administration of Activin A
and BMP2 can significantly increase expression of mesoderm
signaling factors and cardiac-specified genes in human fibroblasts
and reprogram them directly into cardiomyocyte progenitors or
cardiac immature myocytes. In addition, avoiding concerns in
respect with detrimental rearrangements of the host chromosomes
during viral integration, Islas et al fused ETS2 and MESP1 to a cell-
penetrating peptide, transactivator of transcription (TAT), and
treated the cells with TAT-ETS2 and TAT-MESP1 proteins for four
days and then with Activin A and BMP2 for two days. Colonies of
cellular aggregates appeared within 8 days and about 8 percent of
the cells were positive for FLK/PECAM1 cell surface markers rep-
resenting cardiovascular progenitor cells.38

In 2015, Li et al. indicated that protein-transduction of GHMT
(Gata4, Hand2, Mef2c, and Tbx5) in combination with growth fac-
tors, BMP4, activin A, and bFGF rapidly and efficiently reprograms
human dermal fibroblasts (HDFs) into iCPCs with tri-lineage car-
diovascular differentiation potential. Moreover, these human iCPCs
demonstrated functional properties similar to native cardiac pro-
genitors and improved cardiac functionwhen transplanted into the
infarcted rat hearts.41

Extending efforts to reveal applicability and regenerative ca-
pacity of cardiac progenitor reprogramming, in 2016, two different
groups independently reported production of iCPCs using two
different reprogramming approaches.7,8 In a study, Lalit et al
showed that five cardiac factors (MTGNB; Mesp1, Tbx5, Gata4,
Nkx2.5, and Baf60c) in conjunction with Wnt and JAK/STAT
signaling pathways are sufficient to reprogram cardiac fibroblasts
of the adult mouse heart into stably proliferative and tripotent
Reprogramming factors Product Ref

ETS2 and MESP1 plus Activin A and BMP2 iCPCs 38

GHMT using QQ-reagent together with three
cytokines (BMP4, activin A and bFGF)

iCPCs 41

Step 1. Doxycycline þ JI1
Step 2. CHIR99021þ JI1
Step 3. BACS (BMP4, Activin A, CHIR99021, and
SU5402) and JI1

iCPCs 8

Mesp1, Tbx5, Gata4, Nkx2.5, and Baf60c plus
6-bromoindirubin-30-oxime (BIO, a canonical
Wnt activator) and LIF (a JAK/STAT activator

iCPCs 7

Step 1: Oct4, Sox2 and Klf4 overexpression.
Step 2: Gsk3b inhibitor BIO and Oncostatin M

iCSs 43



Fig. 1. The diagram represents cardiac progenitor reprogramming as a new approach for heart regeneration. Patient's somatic fibroblasts can be used as the starting cells for the
generation of iCPCs in vitro, which can be injected into the heart in the next step (left part). The right section shows in vivo differentiation of iCPCs and also in vivo cardiac progenitor
reprogramming as a possible strategy for induction of regeneration within the adult heart. CM: cardiomyocyte; SMCs: smooth muscle cells; ECs: endothelial cells; CF: cardiac
fibroblasts; iCPCs: induced cardiac progenitor cells.

B. Ebrahimi / Cell Regeneration 7 (2018) 1e64
Flk1þ, PDGFRaþ, and Isl1þ iCPCs. These iCPCs were cardiac
mesoderm-restricted progenitors with potential for differentiation
to CMs, ECs, and SMCs in vitro and in vivo.7 Interestingly, when
injected into the cardiac crescent of developing mouse embryos,
iCPCs integrated into the heart tube and differentiated into CMs.
Furthermore, after injection into post-MI mouse hearts, they
improved survival rate and differentiated into functional car-
diomyocytes. In addition, iCPCs contributed to the vasculature
within the scar tissue by differentiation into SMCs, and ECs.7

The other study by Zhang et al. used CASD lineage conversion
method to convert mouse fibroblasts into iCPCs using pluripotency
factors and a chemically defined condition.8,19 These iCPCs were
Flk1þ, PDGFRaþ, Isl1þ, and Nkx2.5þ expandable committed car-
diovascular precursor cells with restricted cardiovascular potentials
to differentiate into three cardiovascular cell types. These progen-
itor cells successfully differentiated into functional CMs, ECs, and
SMCs in vitro and in vivo. Interestingly, similar to the iCPCs gener-
ated by Lalit et al, after their transplantation into the infarcted
myocardium, iCPCs spontaneously differentiated into CMs, ECs, and
SMCs and improved cardiac function. Although at a low frequency,
transplanted cells also contributed to the formation of blood
vessels.8

Toward the aim of heart regeneration, one approach is to inject
cultured and expanded iCPCs directly into the damaged area, which
seems to be demanding regarding fibroblast isolation/culture,
reprogramming process, iCPCs expansion and then their injection.
In addition, suggestively, iCPCs could be induced in vivo by injection
of reprogramming factors into the myocardium similar to in vivo
iCMs. However, this is an interesting topic worthy of investigation.
In this regard, to estimate, among these approaches, themethods of
Lalit et al and Islas et al seem to be more applicable to be adopted
in vivo than the multi-step CASD approach. Nevertheless, the use of
viral vectors limits clinical application of this approach. On the
other hand, translation of the CASD transdifferentiation into in vivo
models needs to resolve several challenges, including optimization
of duration and concentrations of chemicals/growth factors, de-
livery routes, and its stepwise procedure. However, in respect to the
advantages of the CASD, which utilizes chemicals, it should be
noted that chemical reprogramming is more ideal for regenerative
medicine purposes than genetic manipulation by viruses. Together,
each method has its own specific merits and demerits for its direct
in vivo application.

Cardiospheres are a kind of cardiac progenitors that are poten-
tially safe and effective for regeneration of the infarcted
hearts.42e45 Xu et al using the CASD transdifferentiation method
reprogrammed mouse and human fibroblasts into induced car-
diospheres (iCSs).43 In detail, in the first step, mouse embryonic and
adult skin fibroblasts were infected overnight with retroviral vec-
tors encoding Oct4, Sox2 and Klf4. Then, they replaced medium
with Knockout Serum Replacement-based medium for 18 days.
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Starting from day 16 of reprogramming, the cells experienced an
increase in the expression of cardiac progenitor markers Isl1,
Nkx2.5 and Mesp1 as well as cardiac marker Gata4. In the
signaling-directed step, from day 18 of reprogramming, the cells
were treated with GSK3b inhibitor-BIO and Oncostatin M (OSM) for
2 days. Combination of these two factors considerably augmented
the mRNA level of Mesp1, Isl1, and Nkx2.5 by increasing the protein
level of b-Catenin and sphere formation appeared after BIO and
OSM administration.43

To induce cardiomyocyte differentiation in iCSs, they were
treated with differentiation medium (DMEM/High Glucose, 15%
FBS, GlutaMAX, nonessential amino acids, 2-mercaptoethanol,
Ascorbic acid) for 15 days and beating colonies appeared at day 12
after differentiation. This approach was also successful in the con-
version of human skin fibroblast into iCSs.43 Interestingly, trans-
plantation of iCSs into mouse infarcted myocardium considerably
improved left ventricular ejection fraction after 4 weeks. Further-
more, in addition to decreasing infarct size, this treatment
increased anterior/septal ventricular wall thickness, and the capil-
lary density similar to endogenous CSs. Results also revealed that
iCSs and eCSs were engrafted into the myocardium and sponta-
neously differentiated into cardiomyocytes and endothelial cells
in vivo 4 weeks after cell transplantation.43

This finding indicates that iCSs have therapeutic effects and can
improve cardiac function following MI. Despite the use of plurip-
otency factors for the generation of iCSs, no tumor formation was
reported 12 weeks after transplantation.

More recently, Panciera et al demonstrated that transient
expression of exogenous YAP or TAZ, main downstream effectors of
the Hippo signaling pathway, converts several differentiatedmouse
cell types to tissue-specific stem/progenitor cells.46 The interesting
point concerning this study is that YAP/TAZ induction converts
each differentiated cell type into its corresponding stem/progenitor
cell type with the memory of its tissue of origin. The induced
progenitors produced by Panciera et al represented functional
properties (i.e. self-renewal, differentiation ability, and in vivo
regenerative potential) both in vitro and in vivo.46 This finding
shows that YAP/TAZ acts as a universal reprogramming factor
capable of conversion of a differentiated cell type into its corre-
sponding tissue-specific progenitor state.

5. Conclusions

Direct reprogramming is considered as a promising approach for
human tissue regeneration. Lineage-restricted induced progenitors
seem to possess superiority over terminally differentiated and
mature induced cells for reconstruction of a diseased or damaged
tissue. In this respect, it has been indicated that exogenous engi-
neered cells should be at a progenitor state to be amenable to
functional end organ engraftment and regeneration.47 Induced
progenitor cells can be generated in vitro and then transplanted to
the target tissue. The other approach, which can circumvent hur-
dles of in vitro culture and preparation, is direct in vivo reprog-
ramming entailing injection of progenitor reprogramming factors
directly into the diseased tissue.

Although in an uncontrollable manner, transplanted iCPCs
spontaneously differentiated into three cardiovascular cell types in
cardiac environment. This shows that injured heart tissue provides
an environment favorable and inductive to the cardiovascular three
lineage differentiation of iCPCs. Thus, due to their compatibility
with signals of the adult myocardium, iCPCs might be directly
induced from cardiac resident fibroblasts in vivo by administration
of cardiac reprogramming factors. However, the underlying
mechanism of such differentiation is unknown and also aberrant
differentiation of iCPCs could be a downside to this picture and
should be addressed.

In addition to lineage-specific transcription factors, YAP/TAZ
induction offers some ideas for in vivo reprogramming technology
in various tissues. In this regard, in situ cardiac repair and regen-
eration directly using a universal single factor could advance in vivo
cardiac reprogramming methods in terms of feasibility and con-
venience and will be a big step toward clinical regenerative medi-
cine in the future.

Notably, current researches have been accomplished on small
animal models; however, studies on large animal models are
essential to investigate the effects of injected iCPCs and in vivo
reprogramming in hearts, which are similar to the human heart. For
instance, spontaneous three lineage differentiation of iCPCs might
not occur in large animal models and probably in the human heart.
Although here progenitor reprogramming has been discussed as a
hope for heart regeneration either by injection of cultured iCPCs or
direct in vivo reprogramming to iCPCs, it is expected that additional
approaches such as tissue engineering are also required to fully
restore the structure and function of the damaged tissue.

For in vivo reprogramming the use of viral vectors and engi-
neered proteins may cause immunological reactions and inflam-
mation that can reduce the efficacy of these approaches. Moreover,
the inclusion of exogenous DNA into the host genome can lead to
mutation, genomic alteration and dysregulation and also increase
the risk of tumorigenicity and dysplasia especially in the use of
pluripotency factors.48,49 Although engineered proteins and syn-
thetic RNAs remove safety concerns, they have a short half-life that
reduces their effectiveness. To avoid safety and technical concerns
regarding the use of viral vectors, synthetic RNAs and engineered
proteins, thanks to their unique properties, small molecules that
target specific signaling pathways and epigenetic processes offer
powerful tools for engineering cell fate to the desired outcome.
Some advantages of small molecules, including their cost-
effectiveness, long half-life, and diversity in structure and func-
tion allow temporal and flexible regulation of signaling pathways,
which can be applied effectively in tissue regeneration.50,51 Sug-
gestively, toward a chemical strategy, identification of small mol-
ecules capable of activation of endogenous YAP/TAZ or other key
signaling pathways for induction of cardiac progenitor reprog-
ramming is an interesting topic worthy of investigation. In this
regard, in vivo progenitor reprogramming using a chemical-only
approach will be a straightforward strategy for not only heart
regeneration, but also for other tissues.
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