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Abstract
After myocardial injury, the cardiac muscle does not regenerate and heals by forming a scar. This process results in loss 
of heart function and ultimately heart failure. Recent application of reprogramming technology, where forced expression of 
master regulators convert scar-forming cells to become cardiovascular cells in vivo, has fueled new hope for the development 
of therapies targeting heart disease.  

Introduction 
The limited ability of the human heart to regenerate explains 

why myocardial infarction often culminates in heart failure and 
sudden death.1 Existing medical therapies ameliorate adverse 
myocardial remodeling and support the heart, but ventricular 
dysfunction and dysrhythmia remain a major cause of death and 
disability. Accordingly, stem cell-based approaches have emerged 
as a promising approach for cardiovascular disease. As discussed 
by Wong et al. in this issue (see page 207), induced pluripotent 
stem cells (iPSCs) have great replicative capacity and may be 
differentiated into each of the major cardiovascular lineages. 
Preclinical studies indicate that these cells have therapeutic value.

Roadblocks to iPSC Therapies
The original approach of retroviral or lentiviral overexpression 

of the Yamanaka factors2-6 raised concerns that the integration of 
foreign DNA into the host genome could silence indispensable 
genes or induce dysregulation of these genes. Much work has 
been done since then to eliminate this concern with the use of 
episomal gene delivery, excisable transgenes, cell-permeable 
recombinant proteins, and synthetic messenger RNA,7-13 
Additional concerns remain with respect to epigenetic memory, 
as iPSC-derived cardiomyocytes may retain some epigenetic 
memory from the parental cells. Similarly, given the replicative 
property of pluripotent stem cells, it is possible that iPSC-derived 
cardiomyocytes can give rise to teratomas.14 To overcome these 
roadblocks, methods for purifying therapeutic cells need to be 
improved.15 Finally, efficient methods to differentiate the iPSCs 
into mature cells in the cardiovascular lineage, with a high yield, 
have yet to be developed. 

Transdifferentiation: A More Direct Route to 
Therapeutic Cardiovascular Cells

Accordingly, it may be more efficient to transdifferentiate 
cells directly and thus avoid the use of iPSCs to derive patient-
specific cells. John Gurdon’s seminal studies demonstrated the 
ability of a somatic cell to be reprogrammed to a pluripotent stem 

cell. Since then, a number of investigators have shown that cell 
phenotype is fluid and can be altered by cytoplasmic factors such 
as transcription factors (TFs).16-19 Inspired by Yamanaka’s discovery 
that several TFs can be used to reactivate core transcriptional 
networks of pluripotency, Ieda et al. tried the same direct 
reprogramming paradigm to generate cardiac cell lineage.20 
The group discovered that a combination of three TFs (MEF2C, 
GATA4, and TBX5) activated a cardiac program, as manifested 
by their expression of MYH6 in 20% of fibroblasts. However, only 
1% showed functionality such as spontaneous beating, indicating 
that the majority of cells were only partially reprogrammed. 
To improve upon this approach, Efe et al.21 transfected mouse 
embryonic fibroblasts with the Yamanaka factors, then induced 
differentiation by inhibiting the JAK-STAT pathway and adding 
the cardiogenic factor BMP4. Their approach yielded a significant 
number of beating colonies, with about 40% exhibiting cardiac 
proteins.  

Of course, regeneration of heart tissue also requires a vascular 
component. We and others have used a similar approach to 
transdifferentiate fibroblasts into endothelial cells (Figure 1).22, 23 
Human fibroblasts that are transdifferentiated into endothelial 
cells can express endothelial surface markers, organize into 
endothelial tubes in vitro, and form capillaries when injected into 
immunodeficient mice. Although the ability to transdifferentiate 
human fibroblasts into cardiac myocytes or endothelial cells 
in vitro is exciting, these cells need to be reimplanted into the 
host, which raises questions regarding methods of delivery, 
dosing, and whether such injected cells will survive and self-
assemble into a functional architecture. Such hurdles might be 
obviated if transdifferentiation could be accomplished in vivo. 
Of great interest, several groups have shown proof of concept 
that transdifferentiation can be accomplished in vivo, which 
substantially increases the feasibility of its therapeutic application.

Repairing the Broken Heart
After a myocardial infarction, cardiac fibroblasts migrate into 

the injured area, proliferating and generating extracellular matrix 
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to form a scar. Although the scar restores the structural integrity of 
the heart, it is nonfunctional. Because the scar is avascular, residual 
myocytes within or at the edge of the scar are ischemic and may 
become foci for arrhythmia. If scar-forming fibroblasts could be 
transdifferentiated into cardiovascular cells, this might permit true 
cardiovascular regeneration with restoration of functional tissue. 

Two recent papers from the Olson and Srivastava laboratories 
provide proof of concept that such therapeutic transdifferentiation 
in vivo is possible. Based on their previous work,20 the Srivastava 
group used a retroviral approach to introduce the three TFs 
(GATA4, MEF2C, and TBX5) into the infarct/border zone of mice 
following myocardial infarction. The Olson group used a similar 
approach but added an extra TF (HAND2). Both groups performed 
lineage-tracing studies with fibroblast markers to confirm the 
origin of the newly generated cardiomyocytes. Importantly, both 
groups provided evidence that transdifferentiation was associated 
with improved cardiac function.

An unexpected feature of these studies included higher 
reprogramming efficiency in vivo when compared to their 
previous in vitro studies. This suggested that the native heart 
could provide a better microenvironment for the cardiac fibroblasts 
to reprogram more efficiently. Similarly, a disparity existed 
between functional improvement after in vivo reprogramming 
and the number of cardiomyocytes generated, suggesting other 
mechanisms playing an important role in cardiac regeneration. 

Toward Clinical Application of Transdifferentiation for 
Cardiovascular Disease 

The technology to regenerate cardiac muscle from endogenous 
fibroblasts avoids many of the hurdles facing the ex vivo 
generation and administration of therapeutic cells. That being 

said, numerous hurdles still remain. To begin, experimental 
protocols must be refined so as to increase the efficiency of 
the transdifferentiation process. Furthermore, we need to 
perform a comprehensive characterization of the transitional 
cells generated during the transdifferentiation process since 
incomplete differentiation could give rise to hamartomas or to 
dysfunctional myocardium and arrhythmias.24 Furthermore, the 
stability of the transdifferentiation needs to be determined.

One intriguing question that always remains unanswered 
is how so few transcriptional factors can induce 
transdifferentiation of somatic cells.25 This is particularly 
puzzling when the overexpressed gene does not encode a 
pioneering transcriptional factor, that is, one that does not 
itself initiate the transcriptional complex that includes other 
cofactors and epigenetic modifiers. One potential explanation 
is that other mechanisms might be induced during the 
transdifferentiation process. Recently, we discovered that the 
retroviral vectors used in nuclear reprogramming are more than 
mere vehicles for the transcription factors.17 Indeed, by activating 
innate immune signaling (via Toll-like receptor 3), these viral 
vectors cause global changes in the expression and activity of 
epigenetic modifiers.17 These alterations place the chromatin 
into an “open configuration” that increases cell epigenetic 
plasticity and cell transformation, a process that we have termed 
“transflammation.” Unpublished work from our laboratory 
indicates that the induction of transflammation, combined with 
external signals from the media and extracellular matrix, can 
induce therapeutic transdifferentiation in the absence of viral 
vectors or transcription factors. 

Conclusion
Transdifferentiation, from one somatic cell type to 

another desired somatic cell type, is an attractive approach 
for regenerative medicine. Indeed, several groups have 
demonstrated that human fibroblasts may be converted 
to neurons,26 cardiomyocytes,20 or endothelial cells22, 27 by 
overexpressing specific transcription factors (Figure 1). 
Transdifferentiation offers a platform by which it is possible 
to reprogram in vivo. Such an approach, if accomplished with 
small molecules, would avoid the more complex approach of cell 
delivery. The clinical applications for transdifferentiation are 
numerous. For example, in ischemic injury such as myocardial 
infarction, it might be possible to convert the resident cardiac 
fibroblasts in the ischemic region to cardiovascular progenitor 
cells in order to replace scar with vascularized and functional 
tissue.   However, to achieve the promise of this regenerative 
therapy, we must improve the efficiency and fidelity of the 
reprogramming process, and avoid viral vectors, preferably with 
a small-molecule approach that can be preferentially delivered 
to the heart. Such work is now underway at The Methodist 
Hospital Research Institute.
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Figure 1. Generation of induced endothelial cells (iECs) from  
fibroblasts. iECs have been shown to be generated via two different 
routes. An indirect route involves the conversion of fibroblasts to iPSCs 
using the Yamanaka factors, which could then be differentiated into 
endothelial cells. Alternatively, transdifferentiation does not involve a 
pluripotent intermediate stage and forced expression of endothelial-
specific transcription factors could directly convert fibroblasts to 
endothelial cells. 
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