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Abstract
Loss of cardiomyocytes from cardiovascular disease is irreversible and current therapeutic
strategies do not redress the loss of myocardium after injury. The discovery that endogenous
fibroblasts in the heart can be reprogrammed to cardiomyocyte-like cells after myocardial
infarction and heart function is improved subsequently has strong implications in y bringing this
treatment paradigm to the clinic. Here we discuss the advances in direct cardiac reprogramming
that will potentially act as a springboard in the generation of effective approaches to restoring
cardiac function after injury.

Introduction
Cardiovascular diseases claim more lives than any other disease worldwide. The heart's
limited ability to repair itself after injuries, such as myocardial infarction, is manifested by
scar formation in the heart rather than cardiac muscle regeneration. As a result, individuals
experience progressive cardiac dysfunction, contributing to the epidemic of heart failure
affecting 23 million worldwide. Although current medical therapies can support a heart with
reduced function, there is currently no therapy that could repair damaged cardiac tissue after
injury. Much effort has been put into cell replacement strategies in which progenitors,
derived either from endogenous cells in the heart, or from exogenous sources, are introduced
to the injured heart [1,2]. While these approaches may confer some benefit through
paracrine mechanisms that may promote angiogenesis and myocyte survival, they have
limited effect on generating new myocardium. Introduction of cardiomyocytes derived from
pluripotent stem cells may be able to increase myocardial mass, but more research is needed
to overcome issues of purification, delivery, survival, maturation and integration of such
cells into the heart.

An alternative strategy that has recently gained momentum involves reprogramming somatic
cells from one cell type to another. The scientific foundation for cellular reprogramming was
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laid in a seminal discovery made over 25 years ago when Davis et al [3] showed that the
overexpression of a single transcription factor, MyoD, is sufficient to convert fibroblasts to
skeletal muscle in vitro (See Tapacott this issue COGEDE-D-13-00021. Despite the
similarities between skeletal and cardiac muscle, a cardiac equivalent of MyoD has yet to be
identified. Inspired by the combinatorial effects of multiple transcription factors to
reprogram fibroblasts to induced pluripotent stem (iPS) cells [4], we reported that
introduction of three members of the core cardiac developmental transcription machinery
could induce fibroblasts to adopt a cardiomyocyte-like phenotype in vitro [5]. The same
factors function with greater efficiency in vivo [6,7], with addition of other factors [8] or use
of microRNAs [9] providing alternative approaches to reprogramming. A similar approach
has been used to reprogram fibroblasts to neurons [10]{Yoo, 2011 #17;Ambasudhan, 2011
#22;Son, 2011 #16}, neural stem cells [11–13], hepatocytes (see Suzuki this issue:
COGEDE-D-13-00019), hematopoietic cells (see Salci this issue: COGEDE-D-13-00025),
and endothelial cells, among other cell types [14–18]. Here we will focus our discussion on
reprogramming cardiomyocyte-like cells from fibroblasts. In the first section, we review the
development of induced cardiomyocyte-like cells in vitro, and in the second, we highlight its
utility in vivo. Finally, we discuss translating cardiac reprogramming from mouse models to
human models, as well as potential hurdles for moving cardiac reprogramming into the
clinic.

The development of induced cardiomyocyte-like cells
In the first report of cardiac reprogramming, Ieda et al [5] took a candidate approach to
identify factors sufficient to convert mouse cardiac and dermal fibroblasts to cardiomyocyte-
like cells in vitro. Fourteen developmental cardiac transcription factors were selected and
screened for reprogramming using fibroblasts derived from transgenic mice containing
EGFP under control of the cardiac-specific α-myosin heavy chain promoter (αMHC-GFP).
Few αMHC-GFP+ cells were observed after viral induction of all 14 factors in fibroblasts
(<1%). However, serial removal of individual factors demonstrated that a minimum cocktail
of three factors, Gata4, Mef2c, and Tbx5 (GMT) was sufficient for generating a greater
number of αMHC-GFP+ cells (10–20%). Of the αMHC-GFP+ cells, approximately one-
third also expressed cardiac Troponin T (cTnT), 20% developed calcium transients, but only
approximately 0.5% of these became more fully reprogrammed with the ability to contract.
Despite the low percentage of cells that developed to beating cardiomyocyte-like cells,
microarray analyses of the entire αMHC-GFP+ population revealed that the partially
reprogrammed population displayed a gene expression profile similar to that of the neonatal
cardiomyocytes and the cells showed varying degrees of sarcomere assembly. Furthermore,
the reprogramming of these cells was epigenetically stable based on DNA methylation and
histone modifications at select loci, and the persistence of phenotypic alteration in the
absence of ongoing overexpression of the reprogramming factors. We have termed these
cells induced cardiomyocytes (iCMs), which are similar, but clearly distinct, from native
cardiomyocytes.

To understand the path of conversion from fibroblasts to iCMs, we utilized fibroblasts from
mice harboring an Isl1-Cre or Mesp1-Cre transgene, crossed to a reporter mouse with the
reporter activated only upon Cre-recombinase. In this system, if the fibroblasts de-
differentiated first into the early mesodermal progenitor (Mesp1+) or cardiac progenitor
(Isl1+) state and then differentiated into iCMs, they would be marked by the reporter. The
vast majority did not activate Cre-recombinase, suggesting the cells were not obliged to pass
through a progenitor state during the conversion. Consistent with this, the electrical activity
of the reprogrammed cells was more to a post-natal ventricular cardiomyocyte rather than
the relatively immature pluripotent stem cell-derived cardiomyocytes.
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The efficiency of in vitro reprogramming can be improved by the addition of a fourth
cardiac transcription factor, Hand2 (GHMT) [7], the replacement of Gata4 with the
transcription factor Myocd [8], or addition of other developmental transcription factors [19].
There are likely numerous combinations that can activate the cardiac gene program, as the
core transcriptional machinery functions in reinforcing feedback loops in which critical
transcription factors activate one another and cooperatively interact with each other.

In a screen for candidate cardiac microRNAs for cardiac reprogramming [9], Jayawardena et
al found that overexpression of a cocktail of four microRNAs (miRNA), miR-1, miR-133,
miR-208, and miR-499, was sufficient to reprogram 1.5–5% of fibroblasts to
cardiomyocyte-like cells. Interestingly, when a JAK inhibitor shown to promote cardiac
differentiation from partially reprogrammed cells was added to the microRNA cocktail [20],
the efficiency of reprogramming improved to 13–27%, and reprogramming can be achieved
with just a single miRNA, miR-1. Similar to transcription factor based methods, levels of
cardiac mRNA expression increased and Ca2+ oscillations were observed in approximately
1–2% of the transfected cells. Similar to the cardiac transcription factors, these miRNAs
make up the core miRNA regulators in the heart [reviewed in 21,22].

The in vitro strategies outlined above can generate cells that are transcriptionally similar to
endogenous cardiomyocytes, although there is significant heterogeneity in the degree of
sarcomere formation, and only a very small subset are fully reprogrammed and display
contractile activity.

Cardiac reprogramming in vivo
To determine if direct reprogramming of resident cardiac fibroblasts, which comprise over
50% of cells in the heart, can improve heart function after injury, cocktails of
reprogramming factors were added to the site of injury after myocardial infarction. Mice
harboring various lineage markers for the non-myocyte population were subjected to left
anterior descending (LAD) ligation, causing fibroblasts to proliferate to form a scar.
Retroviral cocktails of GMT [6] or GHMT [7] that infect actively dividing cells, including
scar forming fibroblasts, but not non-dividing cells such as cardiomyocytes, were injected
into the myocardial border zone after injury. iCMs that were dually positive for cardiac
marker and fibroblast lineage tracing markers, were observed in 9–35% of myocytes in the
border zone of the infarct, indicating that the reprogrammed iCMs originated from
fibroblasts.

iCMs isolated from injured hearts exhibited action potentials, calcium transients, and with
varying degrees of maturity, the ability to contract. Evaluation of iCMs by histologic section
or single cell isolation at weekly intervals over a four week period revealed progressive
changes in sarcomere assembly, with over half ultimately developing well-organized
sarcomeres throughout the cell and another 30% displaying sarcomeres through ~2/3 of the
cell. A large percentage of in vivo iCMs were more fully reprogrammed (assessed by
beating and electrical activity), with up to 50% of reprogrammed cells capable of beating
when isolated. In vivo iCMs also electrically coupled with endogenous iCMs and could
contract synchronously [6]. Furthermore, significant functional improvements, including
cardiac output, ejection fraction, stroke volume, and decreased scar size were observed upon
GMT and GHMT treatment, but not after treatment with dsRed control retrovirus.
Comparing the efficiency and quality of iCMs in vitro and in vivo, it appears that other
unknown factors, including mechanical forces, local signals, and extracellular matrix effects
in the in vivo environment may have enhanced the maturity of the iCMs.

A similar approach was taken to determine if the combination of miRNAs and a JAK
inhibitor were sufficient for direct reprogramming in vivo [9]. Lentivirus containing the four
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microRNAs, which unlike retrovirus, infects proliferating and non-proliferating cells, were
injected at the site of injury in hearts after LAD ligation. Quantification of cells positive for
both fibroblast lineage tracing markers and cTnT revealed that the infarct region contained
up to 1% of iCMs. Parameters of heart function, however, were not evaluated in these
experiments. It remains unknown if this combination of factors can improve heart function
after myocardial infarction.

From mice to humans
An essential step in advancing cardiac reprogramming technology is to translate the
knowledge gleaned from studies using the mouse system to human cells. Several recent
studies reported the failure of GMT or GMHT to convert fibroblasts directly to
cardiomyocyte-like cells, but each described overlapping but distinct combinations of
factors that could push human fibroblasts into a more cardiomyocyte-like state [23–25].
Nam et al. reported that a combination of four transcription factors (Gata-4, Hand2, Tbx-5,
and Myocd) and two miRNAs (miR-1, and miR-133) were sufficient to reprogram up to
20% of human fibroblasts into cTnT-expressing cells. Similar to in vitro reprogramming
reports in mice, calcium transients and increased levels of cardiac-enriched mRNAs could
be observed, along with rare beating events. However, not all cardiac genes were
upregulated, suggesting the switch from a fibroblast-like phenotype to cardiomyocyte-like
phenotype is partial. Similarly, Fu et al. found that adding a nuclear hormone receptor,
ESRRG, MESP1, and Myocardin to GMT could induce gene expression shifts in human
fibroblasts to a similar extent as GMT in mouse cells in vitro [24]. About 20% of these cells
developed calcium transients, and some had action potentials similar to human pluripotent
stem cell-derived cardiomyocytes. Wada et al. also found that addition of MESP1 and
Myocardin to GMT could reprogram human fibroblasts into cells that displayed many
properties of human cardiomyocytes [25]. Although slightly different, human dermal
fibroblasts can be reprogrammed using MESP1 and ETS-2 into a cardiac progenitor state
that can then differentiate into cardiomyocyte-like cells [26]. Overall, while human cells
appear more resistant to reprogramming, various combinations of the core transcriptional
machinery are able to shift cells considerably toward the cardiomyocyte state.

Conclusions
The discovery that fibroblasts can be converted to cardiomyocyte-like cells by enforced
expression of 3–4 molecular factors in mouse, and 6–7 factors in human cells, reveals a new
approach for repairing damaged cardiac tissues. Although cardiomyocyte-like cells
generated in the in vitro studies were less than perfect, they created a foundation that
ultimately led to a more mature cardiomyocyte-like cell in vivo, capable of improving heart
function and reducing scar size after injury. It is clear in the mouse studies that the
microenvironment of the heart provided iCMs with unknown cues necessary to take on the
hallmarks of a mature cardiomyocyte. Given the experience comparing in vitro vs. in vivo
iCMs in mice [6,7,24], it is possible that the current degree of human cell reprogramming
will suffice. It will be important to determine if the in vivo environment, possibly in pigs or
in non-human primates, will improve reprogramming of human fibroblasts using the current
cocktails.

Many important questions and issues in the area of cardiac reprogramming remain. One
question is the mechanism underlying reprogramming. It is imperative to identify the DNA
targets of the reprogramming factors, their combinatorial function, and the cascade of
cellular events they initiate. How transcriptional changes are epigenetically stabilized will
also be important to define. Furthermore, it is unknown what role extracellular matrix cues,
cell-cell signaling, and tensile forces within the beating heart play during reprogramming.
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This knowledge of the pathways and cues necessary for reprogramming may be leveraged to
further improve cardiac reprogramming.

Another important issue to address from a translational standpoint is safety. In the in vivo
studies done in mice, reprogramming factors were delivered virally. Despite a number of
viral gene therapy clinical trials underway, the safety of viral vectors remains a concern.
Since small molecules have been identified that can replace factors important for
reprogramming fibroblasts to induced pluripotent stem cells [27]{Zhu, 2010 #12}, it may be
possible to achieve cardiac reprogramming with small molecules as well. Additionally, the
safety of partially reprogrammed cells in the heart and the potential disturbances of cardiac
rhythm must be evaluated. Further optimization of reprogramming human cells and
demonstration of the safety and therapeutic efficacy of this approach should also be
performed in large animal models. The paradigm of leveraging cellular reprogramming
technology to regenerate tissue by controlling the fate of endogenous support cells in the
area of heart injury is an exciting one and may extend to other organs, such as spinal cord,
liver, pancreas and brain.
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Figure 1. Efficiency of cardiac reprogramming in murine and human cells
Multiple combinations of transcription factors and miRNAs can induce cardiac
reprogramming in mouse and human fibroblasts. To achieve enforced expression, genes
were injected into the border region of the infarct.
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