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Abstract

Purpose of Review Following cardiac injury, the heart has limited ability to regenerate leading to decreased efficiency and
function. Cardiac reprogramming offers a promising treatment to ameliorate the damage caused by ischemia through con-
version of cardiac fibroblasts to induced cardiomyocytes (iCMs). Here, we aim to highlight the recent advancements of the
last 5 years by discussing the various aspects of cardiac reprogramming including characterization of the cardiac fibroblast,
the endogenous environment of the heart, the molecular mechanisms during reprogramming, the epigenetic landscape, and
the mechanics of delivering reprogramming factors.

Recent Findings Due to generally low efficiency of direct cardiac reprogramming, many researchers have continued to
improve the efficiency of iCM induction and continued exploration of the basic science behind the technique. The field is
continuing to optimize individual aspects of reprogramming that can be leveraged together to improve overall effectiveness.
Summary Over the last several years, knowledge regarding the process of direct cardiac reprogramming and the many factors
that affect its efficiency has increased significantly. Individual aspects have continued to be optimized, and it will be essential
going forward to synthesize this information. Cardiac reprogramming continues to advance towards clinical translatability.
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Introduction

Cardiovascular disease is the leading cause of death world-
wide [1]. Ischemic events, such as myocardial infarction
(MI), are significant contributors to this statistic due to
resultant cardiomyocyte death. Following an MI, the myo-
cardium undergoes significant remodeling in an attempt to
maintain the integrity and functionality of the heart through
the injury [2]. After the initial inflammatory response, car-
diac fibroblasts activate and proliferate to produce extra-
cellular matrix proteins to form a collagen scar [2]. While
initially protective, the fibrotic scar results in decreased effi-
ciency and function of the heart. Unfortunately, cardiomyo-
cytes, the primary workforce of the heart, retain minimal
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regenerative properties into adulthood leaving them unable
to repair damage or recover from the injury [3]. The ability
to capitalize on the abundance of other cell types within the
heart to replenish cardiomyocytes offers a promising treat-
ment for cardiac disease and has led to the growing field of
direct cardiac reprogramming.

In 2010, Takahashi and Yamanaka et al. demonstrated
the ability to induce pluripotency through the expression of
four factors, Oct 3/4, Sox2, c-Myc, and Klf4, within adult
and embryonic fibroblasts [4]. Attaining a pluripotent state
then permits differentiation into a different cell type of inter-
est, such as cardiomyocytes [5]. While very promising, this
technique also has several limitations including the risk of
tumorigenesis, the heterogeneity of the resulting tissue, and
the immaturity of the cardiomyocytes. This approach was
further optimized in the method of direct cardiac reprogram-
ming which allows for the conversion of cardiac fibroblasts
directly to induced cardiomyocytes (iCMs) in vitro and
in vivo through the ectopic expression of transcription fac-
tors, such as MEF2C, GATA4, and TBX5 (MGT), without
returning to a progenitor state [6—8]. These techniques have
significant potential for improving cardiac function and
restoring non-functional heart tissue, but they still require
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significant optimization due to low efficiency and incom-
plete resemblance of iCMs to endogenous cardiomyocytes
[6-8]. Soon after, many began to explore ways to improve
reprogramming through testing new combinations of factors
or microRNAs (miRNAs) [9-17]. While the field has con-
tinued to explore different reprogramming cocktails, it has
additionally expanded through the characterization of other
aspects of reprogramming such as investigation of the car-
diac fibroblast, the endogenous environment of the heart, the
molecular mechanisms behind reprogramming, the epige-
netic landscape, and the delivery method of reprogramming
factors which have all resulted in a greater understanding
of direct cardiac reprogramming and improved efficiency
of conversion. This review will highlight the last 5 years of
advancements in direct cardiac reprogramming.

Characterization of Cardiac Fibroblasts

The heart is a complex tissue made of many different cell
types including cardiomyocytes, fibroblasts, endothelial
cells, and immune cells [18]. The percentage of cardiomyo-
cytes can vary from 30 to 50% depending on the region of
the heart, while the remaining cells are non-myocytes [18].
Cardiac fibroblasts are targeted for reprogramming due to
their abundance in the heart and for their increased role dur-
ing and after injury [6]. Following an MI, fibroblasts trans-
differentiate into myofibroblasts, their activated form, which
synthesize and deposit extracellular matrix and collagen to
provide contractile support to the damaged heart tissue [19].
While this role is initially essential for the maintenance of
heart function, the scar tissue is unable to resolve and can
become pathologic resulting in decreased heart function. An
overview of this process is reviewed here [20].

Fibroblasts have been utilized as the target for repro-
gramming since the initial development of the technique
[6]. At that time, it was established that fibroblasts do not
return to a progenitor state while transitioning to an induced
cardiomyocyte, but other information regarding how
fibroblasts are affected throughout the process remained
unexplored. In vitro and in vivo fibroblasts are constantly
progressing to myofibroblasts due to environmental and
mechanical stress [21]. Despite this predisposition, lineage
tracing has shown that iCMs are derived directly from fibro-
blasts and do not pass through an activated myofibroblast
state [21]. iCMs undergo a change in the actin isoforms.
Isoforms associated with a cardiomyocyte gene program
are induced, while those related to a myofibroblast state
are downregulated [21]. Cells undergoing reprogramming
must overcome the previously formed structure of the fibro-
blast that acts as a scaffold for fibroblast activation into
myofibroblasts [21]. Altering this gene program could be a
significant barrier particularly within in vitro experiments
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where fibroblasts are transdifferentiated by the mechani-
cal stress and tension applied by a cell culture dish. The
necessity of altering the actin isoforms may explain the low
efficiency of reprogramming and expounds on the limita-
tions of reprogramming in a dish. Within the heart, each
cell type has been further characterized using single-cell
transcriptomics which revealed heterogeneity and led to the
identification of several subpopulations by their differential
gene expression [18, 22e]. Three subpopulations of cardiac
fibroblasts were identified by their transcriptome, each
with a unique functional state including cellular response,
immune response, and cytoskeleton organization [22e].
Based on their distinct morphologies, transcriptomes, and
preliminary experiments, it is believed that each subpopula-
tion is responsible for executing different functions [22e].
Developing an understanding of how each of these popu-
lations contribute and function during tissue maintenance
and scar formation could offer significant insight into the
process of fibrosis in the heart. The continued characteriza-
tion and understanding of fibroblasts will optimize their use
and targeting for cardiac reprogramming.

Exploring the Endogenous Environment
of the Heart

It has previously been observed that reprogramming is more
biologically successful in vivo than it is in vitro likely due to
contributions from the environment [7]. A two-dimensional
(2D) culture does not accurately recapitulate the in vivo pro-
cess. As previously mentioned, plating fibroblasts in a cell
culture dish can lead fibroblasts to transdifferentiate, likely
impeding their ability to be reprogrammed. Exploration of
the mechanical stress placed on fibroblasts by their environ-
ment was explored by testing varying matrix stiffness [23].
Utilizing a soft matrix that is comparable to the myocar-
dium not only results in a higher number of cardiac troponin
T positive cells, but also additionally appears to promote
a high level of maturation, as demonstrated by increased
beating of the iCMs [23]. Yes-associated protein (YAP) and
transcriptional coactivator with PDZ-binding domain (TAZ)
signaling, known for its role in sensing the cellular environ-
ment, are suppressed which results in decreased fibroblast
gene program contributing to enhanced reprogramming [23].
To continue to explore the role of the environment, a cylin-
drical three-dimensional (3D) hydrogel was developed and
used to encapsulate fibroblasts for reprogramming targeting
[24]. Utilizing the previously proven miRNA cocktail, the
efficiency of reprogramming was increased in the 3D model
[24]. This model led to the increased expression of several
matrix metalloproteinase which have previously been shown
to play a role in cardiac differentiation and were proven
to be responsible for the increased efficiency [24]. These
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studies clearly suggested that the environment is essential
for successful in vitro reprogramming, but still lacked an
understanding of the local environment and stimuli within
the heart. With the knowledge that typical culture medium
lacks many of the signals present within the heart, several
variations of cardiogenic compounds were tested [25]. The
screen indicated that the addition of fibroblast growth fac-
tor 2 and 10 and vascular endothelial growth factor to the
medium activated several transcriptional regulators and
converted partially reprogrammed cells to functional iCMs
through the p38MAPK and PI3K/AKT pathways and likely
others [25]. AKT has separately been identified in a screen
of protein kinases to accelerate reprogramming [11]. To fur-
ther explore the environment within the heart, an in vitro
biomatrix was developed utilizing human adult cardiac
fibroblasts [26e]. After decellularization, it contained typi-
cal components of the cardiac basement membrane such as
fibronectin, laminin, and collagen IV [26e]. They utilized
the biomatrix within 3D hydrogels, leading to an even more
improved reprogramming efficiency [26e]. Continuing to
explore the differences between in vitro and in vivo repro-
gramming offers information to improve the in vitro model,
but more importantly begins to elucidate previously unex-
plored contributors to cardiac reprogramming in vivo.

The Underlying Molecular Mechanisms
of iCM Reprogramming

Direct cardiac reprogramming relies heavily upon transcrip-
tion factors and their downstream effects. As researchers
have continued to explore the variety of factors that can
improve efficiency, many have additionally identified the
signaling pathways and how they may be contributing at the
molecular level. Shortly after the exploration of reprogram-
ming began, several pathways immediately came to attention
including Aktl/protein kinase B, TGFf, and Wnt [11, 27,
28]. In contrast, the role of Notch signaling in cardiac cell
differentiation and heart development has long been debated
with some showing evidence that it is essential, while oth-
ers show it is inhibitory to cardiac cell fate [29-32]. DAPT
treatment, causing inhibition of Notch signaling, has been
shown to increase efficiency of reprogramming by enhanc-
ing MEF2C binding [33]. Additionally, TLR3, which had
previously been shown to play a role in iPS and endothelial
cell reprogramming, was determined to significantly con-
tribute to cardiomyocyte maturation through activation of
NFxB [34]. It can cause changes in the expression of vari-
ous epigenetic modifiers that improves DNA accessibility
for reprogramming [34]. This information was leveraged to
identify natural RNA sensing receptor ligands and to develop
synthetic RNA oligonucleotides that are capable of similarly
enhancing cardiomyocyte maturation [35]. Many previous

studies have performed factor screening and exploration, but
always within healthy cardiac fibroblasts. A more recent a
study utilized cardiac fibroblasts post-MI as they may act as
a better model for the starting cell should reprogramming be
utilized translationally for cardiovascular disease treatment
[36]. Through a screen of 22 candidate transcription factors,
selected for their role in heart development, they found that
MGT with two additional transcription factors, Sall4 and
Myocd, induced more iCMs [36]. They further character-
ized the role of these genes and found that Sall4 plays a role
in promoting the functional, beating properties of the cardio-
myocyte, while Myocd contributes to expression of cardiac
sarcomeric proteins [36]. While these studies have identified
factors to activate cardiomyocyte programming, surprisingly
autophagy is also activated during reprogramming, likely to
assist in disposing of fibroblast structures and cell content
[37]. Despite autophagy’s significant role, the knockdown of
Beclinl, a known regulator of autophagy, actually increases
the efficiency of reprogramming by activating the Wnt/f-
catenin pathway through Lefl and the PI3K complex [37].
While the continued identification of additional factors and
other contributing gene programs to improve reprogramming
remains of importance, there is significant value in further
understanding the function of transcription factors during the
process of reprogramming. By understanding how transcrip-
tion factors act the field may increasingly be able to incorpo-
rate the information to optimize and simplify the reprogram-
ming cocktail to improve chances of translational use.

The Epigenetic Landscape of iCM
Reprogramming

Epigenetics plays a major role in normal cell fate determina-
tion and cellular reprogramming due to its direct effects on
gene expression. Early on it was determined that iCMs gain
a chromatin status similar to endogenous cardiomyocytes
in at least some cardiac specific genes, even more so than
cardiomyocytes derived from induced pluripotent stem cells
[6, 38]. During direct cardiac reprogramming, the cells must
first undergo a rapid activation of the cardiac loci through
reduced H3K27me3 and increased H3K4me3, meanwhile
the opposite occurs in fibroblast loci leading to slow sup-
pression of the fibroblast pathways [39]. Additionally, upon
investigating the promoters of several cardiac genes, it was
found that certain CpGs within these loci played a signifi-
cant role in total demethylation and therefore transcriptional
activation [39]. To further understand the role that epigenet-
ics plays in reprogramming, a screen was performed search-
ing for epigenetic regulators. Bmil was identified to have an
inhibitory effect on several genes related to cell prolifera-
tion and also plays a role in repressing endogenous Gata4
expression [40]. By knocking down Bmil and removing
these functions, reprogramming was enhanced [40]. From
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the screen, several RNA splicing factors and several genes
were identified that were also inhibitory to reprogramming
[41]. Outside of understanding the role of epigenetics, there
was also interest in understanding how to manipulate epi-
genetics to benefit reprogramming. miRNAs have been uti-
lized to alter chromatin status. miR-1, miR-133, miR-208,
and miR-499 are able to alter histone methyltransferases and
demethylases to cause reduction of H3K27me3 [42]. More
recently, it was also determined that the expression of Mef2c
and Tbx5 of the original reprogramming cocktail, partially
function through promoting chromatin remodeling to an
accessible state [43]. Through the utilization of a screen for
epigenetic modifiers, the histone reader PHF7 was identified
and proven to be a strong activator of cardiac reprogram-
ming [44]. Previously it had been found that it binds directly
to several different histone marks, but it also cooperates with
the SWI/SNF complex at cardiac gene super enhancers to
increase chromatin accessibility and transcription factor
binding [44]. Epigenetics has additionally been explored
and compared in cardiac, hepatic and neuronal direct repro-
gramming, which identified Ascll’s unexpected potential
for cross lineage reprogramming [45e¢]. When combined
with MEF2C, they act cooperatively to alter epigenetics and
transcriptional activity [45ee]. Optimizing chromatin acces-
sibility and manipulation of epigenetics will continue to play
a vital role in improving the efficiency of reprogramming.

The Mechanics of Delivering
Reprogramming Factors

Delivering reprogramming factors to fibroblasts in a safe
and effective manner continues to be a significant barrier
for future therapeutic use. Traditionally, reprogramming
factors have been delivered through a viral construct, but
despite high transfection efficiencies, the rate of reprogram-
ming remains fairly low [46]. Additionally, the use of viral
vectors can come with a safety concern for use in clinic due
to their ability to integrate into DNA [46]. This has led to
a recent expansion in research focused on safer, more effi-
cient delivery methods. Rather than the typical lentivirus
or retrovirus, Sendai virus has been successfully utilized
as a non-integrating, non-pathogenic vector to induce both
in vitro and in vivo direct reprogramming while also pre-
venting worsening of cardiac function [47]. Not only was
this new vector promising due to its lack of integration,
but it also led to increased efficiency generating 100-fold
more beating iCMs and a shorter time to induce beating
cells from mouse fibroblasts [47]. In the last several years,
researchers have sought a non-viral option for reprogram-
ming. The first evidence of an alternative method was the
use of a modified mRNA gene delivery platform that results
in prompt gene expression for only 10 days [48]. The abil-
ity to transiently express genes following heart injury while
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limiting the extent to which gene expression is altered offers
a unique opportunity for a translatable, short-term treatment.
Unfortunately, the CM-like cells were not functional [48]. In
the last year, lipoplexes were utilized to deliver miRNAs to
adult human cardiac fibroblasts in vitro offering a new, safer
way of delivering a reprogramming cocktail [49]. Alterna-
tively, reprogramming without transgenes could offer a
work-around to many of the delivery barriers. Extracellular
vesicles were isolated from embryonic stem cells that were
undergoing cardiac differentiation and showed their ability
to convert mouse embryonic fibroblasts to cardiomyocytes
with 60% efficiency [50]. Many of these techniques unfor-
tunately require intra-myocardial injection that in itself can
cause secondary injury, but alternatively, in 2021, systemic
administration became possible through the use of nano-
particles [51ee]. The nanoparticle is composed of a hybrid
membrane of modified lipid membranes fused with neutro-
phil membrane proteins surrounding a silica nanoparticle
core that could carry miRNAs [S1ee]. This membrane allows
the nanoparticle to move more freely and would allow them
to enter the injured heart following an MI in a similar man-
ner as immune cells travel throughout the tissue [S1ee]. The
recent advancements in the delivery of reprogramming fac-
tors or alternative methods have significantly increased the
feasibility of clinical translation and continue to offer new
solutions and answers to many of the challenges that face
direct cardiac reprogramming.

Conclusion

The ability to revitalize cardiac tissue following injury
through direct cardiac reprogramming continues to offer a
promising and revolutionary way to treat cardiac disease.
Since the initial evidence of successful direct cardiac repro-
gramming, there has been significant progress in under-
standing the various contributing factors and mechanisms
by which a cardiac fibroblast becomes an iCM. Through
further characterization of cardiac fibroblasts, an increased
understanding of endogenous environment of the heart, a
breakdown of the signaling pathways and the epigenetic
landscape, and exploration of alternative delivery methods,
reprogramming has continued to improve in its efficiency
and translatability. It is imperative that the inner workings
of reprogramming continue to be elucidated and the infor-
mation gathered be integrated together to result in a new,
effective therapeutic treatment for cardiovascular disease.
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