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Abstract	  

Cardiac	  development	  requires	  that	  multiple	  progenitor	  cell	  types	  undergo	  complex	  

cell	  fate	  and	  morphological	  changes	  cooperatively	  to	  generate	  the	  four-‐chambered	  

heart.	  	  	  Orchestration	  of	  this	  process	  is	  tightly	  regulated	  through	  the	  action	  of	  both	  

transcription	  factors,	  and	  post-‐transcriptional	  regulators	  including	  microRNAs.	  	  	  

Dysregulation	  of	  this	  process	  can	  lead	  to	  cardiac	  malformations	  that	  can	  result	  in	  

congenital	  heart	  disease	  or	  lethality.	  	  Furthermore,	  decreased	  expression	  of	  key	  

cardiac	  regulators	  are	  observed	  in	  acquired	  cardiovascular	  diseases	  including	  

atherosclerosis	  and	  acute	  myocardial	  infarction,	  which	  are	  responsible	  for	  causing	  

more	  fatalities	  per	  year	  than	  any	  other	  disease.	  	  Here	  we	  leverage	  the	  lessons	  we	  

have	  learned	  from	  cardiac	  development	  and	  apply	  them	  to	  address	  acquired	  

cardiovascular	  disease.	  	  

	  

In	  the	  first	  study,	  we	  focus	  on	  post-‐transcriptional	  regulation	  of	  the	  vascular	  smooth	  

muscle	  cells	  in	  the	  heart,	  which	  can	  contribute	  to	  plaque	  formation	  and	  disease	  

progression	  in	  the	  context	  of	  atherosclerosis.	  We	  identified	  the	  microRNA	  miR-‐145	  

as	  sufficient	  to	  promote	  and	  maintain	  a	  differentiated,	  contractile	  smooth	  muscle	  

phenotype	  in	  mutlipotent	  neural	  crest	  derived	  vascular	  smooth	  muscle	  cells.	  	  

Further	  interrogation	  of	  miR-‐145	  function	  indicates	  that	  miR-‐145	  interacts	  with	  

KLf4,	  a	  known	  activator	  of	  smooth	  muscle	  proliferation,	  in	  non-‐canonical	  van	  der	  

waals	  interactions	  that	  target	  Klf4	  for	  repression.	  	  	  
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Next,	  we	  leverage	  key	  cardiac	  developmental	  transcription	  factors	  to	  address	  the	  

loss	  of	  cardiomyocytes	  after	  acute	  myocardial	  infarction.	  	  We	  previously	  identified	  

that	  forced	  expression	  of	  Gata4,	  Mef2c,	  and	  Tbx5	  are	  sufficient	  to	  induce	  cardiac	  

fibroblasts	  to	  acquire	  cardiomyocyte-‐like	  phenotypes,	  albeit	  at	  a	  low	  efficiency.	  	  

Here	  we	  have	  generated	  a	  molecular	  roadmap	  of	  the	  transcriptional	  changes	  that	  

occur	  throughout	  the	  process	  of	  fibroblast	  transdifferentiation	  to	  induced	  

cardiomyocyte	  like	  cells	  (iCMs),	  in	  order	  to	  inform	  strategies	  to	  improve	  the	  

efficiency	  iCM	  generation.	  	  

	  

In	  these	  studies,	  we	  show	  that	  regulators	  of	  cardiac	  development	  have	  the	  potential	  

to	  address	  acquired	  cardiovascular	  diseases.	  	  
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Chapter 1 
 

 
 Introduction: 

 Cardiac Development and Disease  
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Non standard abbreviations  
 
FHF - First heart field  

SHF – Second heart field 

CNC – Cardiac neural crest 

CM – Cardiomyocyte 

EMT – epithelial to mesenchymal cell transition 

miRNA – microRNA 

RISC – RNA induced silencing complex 

CHD – Congenital heart disease 

VSD – Ventricular septal defect 

VSMC – Vascular smooth muscle cell 

MI – Acute myocardial infarction 

ECM – Extracellular matrix 

 
 
 
Cardiac Development 

 

Morphogenesis of the mammalian heart 

The basic mechanisms of cardiac development are highly conserved. Heart 

formation during development requires that multiple progenitor cell populations 

give rise to diverse cell types that migrate, differentiate, and undergo complex 

morphological changes together.   These progenitors include two distinct 



  

mesodermal progenitors with a common origin, the First Heart Field (FHF) and the 

Second Heart Field (SHF). A third progenitor cell type, Cardiac Neural Crest (CNC) 

cells, combines with the FHF and the SHF.  Together these progenitors undergo highly 

coordinated and regulated events to form the four-chambered heart 1.   

 

Briefly, the FHF is composed of mesoderm derived cells that migrate from the anterior 

lateral plate into a crescent shaped tissue called the cardiac crescent at approximately 

embryonic stage (E7.5) in mouse and day 15 of gestation in humans. Here the cells 

within the FHF undergo differentiation and act a scaffold as undifferentiated SHF cells 

migrate to the cardiac crescent.  Together, these cells undergo an orchestrated 

morphogenesis event to form an elongated hollow tube called the heart tube at 

approximately E8.5 in mice and day 21 in humans. The heart tube undergoes rightward 

looping – a stage where FHF and SHF cells proliferate and populate regions that will 

form the outflow tract, atria, and ventricles.  Following rightward looping (E10 or 28 

days), progenitor CNC cells migrate from the neural folds into the outflow tract where 

they proliferate and differentiate to ultimately populate the arteries, aorta, and form the 

septums that separates the four chambers of the heart (E14.5 or day 50) 1.   
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First heart field  

The FHF differentiates and defines the cardiac crescent at E7.5. By E8.0, the cells 

coalesce to form the primitive heart tube which consists of two layers – an interior layer 

of endocardial cells, and an exterior layer of cardiomyocytes (CM) that are separated 

and signal through extracellular matrix. Throughout the process of differentiation during 

heart tube formation, FHF cells are adjacent to undifferentiating SHF cells. Both cell 

types respond to the same cues including BMP, Shh, Fgf, Wnt, and Notch signaling.  

 

The FHF relies on a complex signaling network to ultimately form the atria and left 

ventricle of the heart.  As the heart tube undergoes rightward looping, the outer 

curvature of the loop grows and the inner curvature controls the alignment of the outflow 

and inflow tracts of the heart. Genes including Hand1, Serca2, Tbx2, Tbx20, Nkx2-5, 

Mef2c and Tbx1 function to set up polarity and asymmetry during this process.  

Transcription factors including CoupTFII and Tbx5 are required for atrial myocyte 

generation 1,2,3.  Nkx2-5, Tbx-5, Bmp10, Hand1 and Irx4 regulate ventricular myocytes 

generation.   
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Second heart field 

The SHF joins the FHF at the cardiac crescent at E7.5.  As the FHF cells undergo 

differentiation during this stage, the SHF cells remain undifferentiated until they are 

incorporated into the heart. As the FHF undergoes looping, SHF cells migrate to form 

the outflow and inflow tracts, as well as form the precursors to the right ventricle.  The 

SHF ultimately forms the right ventricle, aorta, and pulmonary artery of the heart. Proper 

ventricular formation of SHF cells requires many transcriptional regulators including 

Gata4, Nkx2-5, Hand2, Mef2c, Isl1, Foxh1 and Tbx20. The SHF generates the outflow 

tract, which undergoes septation upon CNC migration to the area. During this process 

SHF cells require Tbx1 and Fgf8 1,4.   

 

Cardiac neural crest 

CNC cells originate from cells in the neural folds. These cells undergo epithelial-to-

mesenchymal cell transition (EMT) as they migrate through the pharyngeal arches to 

the aortic arch arteries and outflow tract of the looped heart. The process of CNC 

specification, EMT, and migration towards the heart, and remodeling of the outflow tract 

relies on many complex regulatory pathways. EMT requires genes including Slug, Snail, 
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Id2, and Pinch1; and migration requires Cx43a1 and Wnt11. CNC remodels the outflow 

tract through interactions with N-Cadherin and SHF derived endocardial cells in the 

endocardial cushions. CNC cells not only contribute to morphogenesis of the heart, but 

also generate smooth muscle cells (SMCs) that line the aorta and arteries of the four-

chambered heart 5,6.  

 

 

Transcriptional regulation during cardiac development 

Mutations in many transcription factors have been identified in patients that have 

families with some of the most common cardiac malformations. A group of core cardiac 

transcription factors control heart development. These core transcription factors include 

Nxk2-5, Gata4/5/6, Mef2 factors, T-box factors Tbx1/2/3/5/18/20, and Isl1.  They interact 

with each other and with other transcription factors in a feed forward loop to control 

heart development. Since they rely on each other to control cardiac development, it is 

not surprising that mutations in core cardiac transcription factors leads to cardiac 

malformations.  
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Proper cardiac morphogenesis relies on Gata4 in a dose responsive manner, with 

embryonic lethality observed in homozygous mice by E10.5. Mutations in Gata4 cause 

defects in midline fusion of the primitive heart tube, cardiac septation, and ventricular 

chamber hypoplasia 3.  Gata4 acts combinatorially with other transcription factors 

including Nkx2-5, Tbx5, and Mef2c. Gata4 and Tbx5 cooperate to develop the 

ventricular myocardium and the atrial and ventricular septums. Gata4 also promotes 

transcription of Mef2c in the SHF and then cooperates with Mef2c to promote 

transcription of key cardiac genes – Nppa, αMHC, αCA, and BNP 2,3.  

 

Like Gata4, Tbx5 is involved in multiple combinatorial transcription factor pathways with 

core cardiac transcription factors. Mutations in the transcription factor Tbx5 causes Holt-

Oram Syndrome. 75% of these individuals display life threatening cardiac defects 

including defects in the conduction system and in the septums that separate the atria 

and ventricles. Tbx5 cooperates with Gata4 to regulate the conduction system by 

cooperatively promoting transcription of the gap junction protein Cx30.2, a known 

regulator of atrioventricular node delay. Furthermore, Gata4 synergistically regulates 

myocardial development with core cardiac transcription factors Gata4 and Mef2c. 

Together, Tbx5 and Mef2c induce transcription of the sarcomeric gene Myh6 7.   
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Mutations in Mef2c lead to defects in formation of the linear heart tube, defects in 

rightward looping of the heart tube, and ultimately the absence of the right ventricle.  

Aside from the combinatorial interactions Mef2c has with Gata4 and Tbx5 outlined 

above, Mef2c also interacts with dHand to promote the formation of the right ventricle 3.  

 

Core cardiac transcription factors cooperate together to promote transcription of key 

cardiac genes necessary for proper development of the heart. Proper heart 

development therefore also relies on how these transcripts generated from transcription 

factor binding, are regulated.   

 

microRNAs are required for proper cardiac development  

Post-transcriptional regulation of mRNA transcripts can be achieved through microRNAs 

(miRNAs).  miRNAs are small non-coding RNAs (~22 nt in length) that cooperate in the 

RNA Induced Silencing Complex (RISC) to inhibit translation of many different mRNA 

transcripts. The miRNA is loaded into the RISC and the “seed region,” which refers to 

the region between base pairs  ~2-9, functions to identify mRNAs to target for 
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translation inhibition.  The proteins in the RISC function to either degrade or inhibit 

translation of the mRNA transcript 8.  

 

Although miRNAs function to inhibit translation of mRNAs, miRNAs are generated 

through transcription.  miRNAs are transcribed by RNA polymerase II as part of a 

primary transcript.  The primary transcript is cleaved by the enzyme Drosha to produce 

~70nt stem-loop precursor miRNA in the nucleus. The precursor transcript is then 

shuttled out of the nucleus to the cytoplasm where it is further processed by the enzyme 

Dicer. Dicer cleaves the miRNA to generate the mature miRNA and the antisense star 

strand.  The mature miRNA is then loaded into RISC where it targets mRNAs for 

translation inhibition 8. 

 

Mice with mutations in Dicer have many cardiac defects suggesting that miRNAs are 

required for proper heart development. Mice that do not express Dicer in the CNC 

display defects in outflow tract septation 9,10. Furthermore, knock out of Dicer in Nkx2-5 

expressing cells results in poor development of the myocardium, paracardial edema, 

and lethality by E12.5 11. Knock out of Dicer in adult mice leads to chamber enlargement 

and heart failure.  Together, these data suggest that not only do Dicer and mature 
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miRNAs function to promote normal cardiac development, but they are also required for 

cardiac maintenance.   

 

Many different mature miRNAs can be detected in the heart. However, the most 

abundantly expressed miRNAs – miR-1, miR-133a, miR-133b, and miR-206, account 

for ~25% of the total miRNAs expressed in the heart. Of these miRNAs, miR-1 is the 

most highly expressed 12,13. There are two copies of miR-1 in the mouse genome; miR-

1-1 and miR1-2. Both copies of miR-1 are transcribed independently from different 

genomic loci. Regulation of transcription of miR-1 at both loci is controlled by the 

myogenic transcription factors SRF, myocardin, MyoD, and Mef 2. During transcription, 

both copies of miR-1 are co-transcribed with a copy of miR-133a; miR-133a1 and miR-

133a2. Although miR-1 and miR-133 are transcribed together, they have opposing 

functions 14. miR-133 functions to inhibit differentiation and promote myoblast 

proliferation. On the contrast, miR-1 functions to promote myoblast differentiation and 

cardiac development in vivo.  

 

Mutations in a single copy of miR-1 – either miR-1-1 or miR1-2, result in ventricular 

dilation, defects in conduction, and partial lethality. To determine if miR-1 expression is 
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necessary for proper cardiac development, two models of miR-1-1 and miR-1-2 double 

knockout mice were generated. In both studies, miR-1 null mice displayed severe 

cardiac dysfunction including heart dilation and sarcomere defects that ultimately 

resulted in lethality 15,16. Furthermore both studies showed that miR-1 functions to 

promote a muscle cell fate through inhibition of alternate cell fate gene programs. 

Together, these studies indicate that miR-1 plays an essential role during cardiac 

development.   

 

It is clear that proper cardiac development relies on a series of complex yet orchestrated 

signaling events. Cardiac transcription factors cooperate to promote the transcription of 

genes necessary for proper cardiac development and maintenance. Furthermore, 

cardiac transcription factors regulate the transcription of post-transcriptional regulators 

including miRNAs. Many of these miRNAs function to inhibit the translation of the same 

proteins that promoted their transcription. miR133a for example inhibits the translation 

of SRF mRNA transcripts, a transcription factor that promotes transcription of miR-1 and 

miR-133a at the protein level 14. Together, the studies outlined above show that proper 

heart formation relies on multiple layers of precise regulation. 
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Cardiovascular Disease 

 

Congenital heart disease 

Proper morphogenesis of the heart requires that many cellular processes including 

proliferation, differentiation, migration, adhesion, and signaling, are performed with 

precision. Errors that occur during cardiac development can lead to congenital heart 

disease (CHD) – abnormalities in the heart that can ultimately affect heart function. 

These errors are variable in nature and can occur during any stage of cardiac 

morphogenesis. Therefore, the effects CHDs have on heart function are variable and 

range in severity.  

 

CHD affects ~1% of births per year and is a leading cause of birth defect-associated 

infant illness and death. Many cardiac abnormalities do not effect heart function and 

therefore remain undetected. However the most common detected CHDs are caused by 

defects in septation between the chambers. Improper closure of a septum can allow 

blood from the separate chambers to mix, which in turn, can impact the cardiovascular 

system as a whole 17,18. For example, a Ventricular Septal Defect (VSD) can lead to 

cardiomyopathy, arrhythmia, infective endocarditis, and pulmonary hypertension. VSDs 
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occur when developmental abnormalities form in the septum that separates the FHF 

derived right ventricle from the SHF derived left ventricle. However the cause of 

abnormal septum formation remains largely unknown.  

 

Chromosomal disorders caused by absent or duplicated chromosomes are prevalent in 

~6% of patients with VSD 18. The risk of VSDs recurrence in offspring is linked to the 

inheritance of the chromosomal disorder, indicating that VSDs can be inherited 

genetically. Mutations in the cardiac genes Tbx5 and Nkx 2-5 have been shown to 

cause VSDs heritably. However, genetic inheritance of mutations in any single gene is 

rarely the cause of VSDs (~3% of patients born with VSDs). Only a small percentage of 

patients that have VSDs are known to have acquired the defect through inheritance. 

Therefore the cause of VSD formation is unknown in most patients with VSDs 18. 

 

The cause of septal defects in most patients is unknown. However, clinical methods to 

close septal defects are safe and effective in most patients including the young and 

elderly. Defects can be closed either through surgery or delivery of an occlusion device 

by a catheter 17.    
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Most of the structures in the heart are derived from the FHF and the SHF. Therefore it is 

not a surprise that most CHDs affect FHF and SHF derived tissues in the heart. 

However, CHDs also occur in CNC derived structures including the aorta, pulmonary 

artery, and other arteries in the heart. One example is truncus arteriosus. As described 

above, the outflow tract is composed of CNC and SHF derived tissues that coordinate to 

undergo septation during development. Together, they form the aorta and pulmonary 

artery. If the septum of the outflow tract fails to form during development, babies are 

born with a condition called truncus arteriosus. Patients with truncus arteriosus have 

only one large vessel to circulate both the oxygenated and deoxygenated blood into 

opposite directions, rather than two. This shared circulation leads to mixing of the blood 

and can result in death if not corrected promptly. Although surgical strategies have 

improved over the past 10 years, morbity remains high 19.  

 

We have outlined above how errors in cardiac morphogenesis can lead to CHD. 

Depending on the nature and severity of the abnormality, patients with CHD experience 

a range of symptoms that can often be repaired clinically when necessary. Most 

patients with heart disease however, are not born with heart disease. Rather, most 

people with heart diseases acquire them over time. 
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Atherosclerosis 

Atherosclerosis is responsible for causing ~50% of all deaths in western societies each 

year. It is a cardiovascular disease that is acquired with age and leads to a gradual 

narrowing of the arteries over time. Atherosclerosis causes plaque to build up within the 

arteries. When plaque accumulates, it can disrupt blood flow and even lead to occlusion 

of the vessel– resulting in stroke or acute myocardial infarction (MI) 20,21.  

 

Arteries are composed of 3 layers– the adventitia, media, and intima. The adventitia is 

composed of fibrocollagenous tissue and acts as the outer layer of the artery. The 

media is the middle layer and is composed of layers of smooth muscle and elastic 

lamina. This layer allows the artery to contract in order to control circulation. The intima 

is the layer that lines the lumen of the artery and is composed of endothelium, elastic 

lamina, and fibrocollagenous tissue. 

 

Atherosclerosis begins when the endothelium of the intima is damaged either by high 

blood pressure, smoking, or high cholesterol. This damage activates the inflammatory 

response and leads to recruitment of monocytes and platelets. These components 
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coalesce to contribute to plaque formation. The vascular smooth muscle cells (VSMC) in 

the media layer near the site of injury become proliferative, less contractile, and 

ultimately also contribute to plaque formation 22. The plaque contains a necrotic core 

filled with a mixture of cell debris and lipids that accumulate over time. As the plaque 

grows, it acts as a physical barrier to normal blood flow and forces the blood to travel 

through narrowing arteries. If the plaque is stable and grows large enough, it can result 

in occlusion of the artery.  However if the plaque is unstable, it can rupture. Blood clots 

can form within the artery at the site of rupture which can also lead to arterial occlusion 

and downstream ischemia 20,21.  

 

Acute myocardial infarction 

MI affects ~750,000 Americans each year and often results in cardiac dysfunction or 

death. MI occurs when a coronary artery is occluded and the flow of blood that supports 

the myocardium is blocked. This results in downstream ischemia in the heart, which 

causes immediate necrotic cell death of CMs. A scar forms at the site of injury and the 

myocardium undergoes remodeling 23.  
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After a MI event, CM necrosis triggers the inflammatory response. The infarct area 

becomes infiltrated with leukocytes that clear the area of cellular and extracelluar matrix 

(ECM) debris. When the area of injury is cleared from debris, macrophages act to stop 

the inflammatory response 24. Macrophages secrete powerful inhibitors of the 

inflammatory response including TGFβ 25 and Il-10. Repression of inflammation 

promotes fibroblast proliferation and secretion of ECM proteins that allow for scar 

formation 24.  

 

The damage MI causes to the heart depends on the size of the infarct and the number 

of cells that die during the event. Immediate reperfusion treatment clears the artery from 

obstruction, restores blood flow and leads to decreased mortality rates 24. The process 

of reperfusion however, leads to damage to the surrounding tissue that can lead to 

cardiomyocyte cell death and contribute to subsequent arterial occlusion. Addition of 

antiplatelet and anticoagulant agents during reperfusion results in decreased infarct size 

and can help mitigate the risk of contributing to a second ischemic event. Many 

pharmacological treatments including beta-blockers, Adenosine, and ANP have also 

been shown to successfully decrease infarct size 26,27. However there are currently no 

therapies to restore the cardiomyocytes lost during injury.  
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Can we leverage the lessons learned from cardiac development to address 

cardiovascular disease? 

Outlined above, we have described how multiple progenitor cell types interact 

cooperatively in a highly orchestrated manner to form the heart. To accomplish this 

complex task properly, the process of cardiac development is tightly regulated. Many 

cues regulate cardiac development including transcription factors and miRNAs, as 

described above. Other modes of regulation include paracrine and mechanical cues that 

contribute to proper cardiac development. Deregulation of this complex process can 

result in abnormal heart formation and ultimately CHD.  

 

Decades of research have furthered our knowledge of cardiac development. As a direct 

result, many key regulators important to cell fate specification to different mature 

somatic cell types have been identified. Furthermore, regulators that promote 

expression of genes hallmark to each mature cell type have also been uncovered. In the 

case of cardiovascular disease, many of the genes that are hallmark to healthy cells are 

decreased in damaged cells. For example, smooth muscle cells downregulate many 

smooth muscle specific genes during atherosclerosis– when smooth muscles take on 
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many fibroblast-like phenotypes to become myofibroblasts. A potential way to restore 

expression of these key genes is through forced expression of the regulators that 

promote their activation during cardiac development.  

 

In the following chapters we will allow the lessons we have learned from cardiac 

development to inform our strategies in order to address cardiovascular disease.  In 

chapter 2, we leverage miRNAs to potentially address the problem of smooth muscle 

cell proliferation and subsequent contribution to plaque formation during atherosclerosis. 

In chapter 3 we leverage cardiac transcription factors and extracellular cues to 

potentially restore cardiomyocyte tissue that was lost during MI.   
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Chapter 2 

 

miR-145 Relies on Canonical and Non-canonical 

Nucleotide Binding Interactions to Regulate Smooth 

Muscle Cell Differentiation  
 

 

 

 

 

 



  

Non standard abbreviations  
 

VSMCs – Vascular smooth muscle cells 

miRNA –  microRNA 

NCC – Neural Crest Cell 

CNC – Cardiac nueral crest 

RISC – RNA induced silencing complex 

 

Abstract 

Post-transcriptional regulation of smooth muscle cells (SMCs) is important for controlling 

the state of SMC differentiation and maintenance.  Disruption of this process can result 

in disease such as atherosclerosis.  microRNA-145 (miR-145) is a SMC-enriched 

miRNA that can promote SMC differentiation from neural crest cells in culture. miR-145 

acts to promote and stabilize the differentiated state of SMCs in vivo.  Typically, 

miRNAs are thought to imperfectly base pair with multiple target mRNAs by maintaining 

high complementarity between nucleotides 2-8, known as the ‘seed’ sequence. mRNA 

Targeting leads to translational repression of the target transcript.  The mature 

sequence of miR-145 is completely conserved from human to chicken. Thus, the 
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evolutionary pressure on each nucleotide in miR-145, suggests an important function for 

residues outside the canonical seed.  

 

To address whether these residues are necessary for miR-145 function in directing 

Neural Crest Cell (NCC) differentiation into SMC, we generated point mutations within 

the mature miR-145 sequence and assessed SMC differentiation using an immortal 

NCC line. Single point mutations both within and outside of the seed region abolished 

miR-145–directed differentiation into SMCs.  To understand the effect of these point 

mutations on miR-145 function, we analyzed miR-145 binding interactions with a known 

effector of SMC differentiation and target of miR-145, Kruppel–like factor 4 (Klf4), by 

using luciferase reporter assays. Here we demonstrate that specific mutations both 

within and outside of the seed region of miR-145 affect binding to the 3’ UTR of Klf-4.  

These studies suggest that both canonical and non-canonical nucleotide binding 

interactions may be important for proper miR-145 regulation of SMC differentiation. 

 

Introduction 

The process of transforming undifferentiated cells into highly specified cell types is essential for 

the development of functional tissues and organs in complex, multicellular organisms.  During 
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vertebrate development, a multipotent stem cell population, the neural crest cells (NCCs), 

differentiate into a variety of cell types that contribute to cartilage, cardiac, thymus, and neural 

tissues.  A subpopulation of these NCCs, cardiac neural crest (CNC) cells, give rise to the 

vascular smooth muscle cells (VSMCs) that contribute to the developing outflow tract. These 

CNC derived SMCs subsequently line the arteries of the heart 1,2 and are uniquely plastic. They 

have the ability to oscillate between a proliferative– less differentiated state, to a quiescent– 

more differentiated state.  This plasticity contributes to human cardiovascular diseases including 

atherosclerosis.  The molecular mechanisms that regulate the induction and maintenance of the 

mature, contractile SMC phenotype in CNC derived SMCs remains insufficiently understood.  

Extensive	  genetic	  analyses	  have	  led	  to	  the	  identification	  of	  key	  transcription	  factors	  

necessary	  for	  CNC	  cell	  specification	  to	  SMCs	  3,4.	  	  However,	  the	  post-‐transcriptional	  

regulatory	  mechanisms	  that	  regulate	  this	  process	  remain	  poorly	  understood.	  	  

	  

One	  highly	  conserved	  post-‐transcriptional	  mechanism	  known	  to	  regulate	  cell	  fate	  decisions	  

is	  the	  action	  of	  microRNAs	  (miRNAs).	  	  miRNAs	  are	  small	  noncoding	  RNAs	  that	  regulate	  

protein	  levels	  by	  imperfect	  base-‐pairing	  within	  the	  3’	  untranslated	  region	  (UTR)	  of	  target	  

mRNAs,	  	  thereby	  leading	  to	  mRNA	  degradation	  and/or	  translational	  repression.	  First	  

identified	  as	  regulators	  of	  developmental	  timing	  in	  C.	  elegans	  5,	  miRNAs	  have	  been	  shown	  
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to	  play	  conserved	  roles	  in	  influencing	  cell	  fate	  decisions	  from	  invertebrates	  to	  vertebrates.	  

The	  mechanisms	  of	  miRNA	  regulation	  that	  control	  cell	  fate	  during	  murine	  cardiac	  

development	  are	  beginning	  to	  emerge	  2 although	  regulation	  by	  miRNAs	  in	  the	  context	  of	  

CNC	  specification	  remains	  largely	  unknown.	  	  	  	  	  

	  

CNC	  cell	  specification	  occurs	  after	  migration	  from	  the	  neural	  tube	  to	  the	  pharyngeal	  arches	  

and	  the	  outflow	  tract,	  which	  occurs	  between	  E9.5	  and	  E13.5	  as	  described	  in	  the	  previous	  

section.	  Disruption	  of	  Dicer	  mediated	  miRNA	  processing	  during	  this	  key	  developmental	  

time	  frame	  results	  in	  outflow	  tract	  defects	  that	  resemble	  human	  congenital	  heart	  

malformations	  6,7.	  Together,	  these	  studies	  demonstrate	  that	  processed	  miRNAs	  are	  

required	  for	  proper	  outflow	  tract	  septation	  in	  CNC	  cells.	  	  Although,	  the	  specific	  miRNAs	  that	  

affect	  this	  process	  were	  not	  identified.	  	  	  

	  

In	  Cordes	  et	  al.,	  (2009) ,	  we	  show	  that	  the	  co-‐transcribed	  microRNAs,	  miR-‐143	  and	  miR-‐

145,	  are	  specifically	  enriched	  in	  a	  subset	  of	  CNC	  derived	  cells	  including	  SMCs.	  	  In	  this	  study,	  

we	  aim	  to	  determine	  the	  role	  of	  miR-‐145	  in	  NCC	  derived	  tissues.	  	  Here,	  we	  leverage	  an	  in	  

vitro	  model	  of	  NCC	  differentiation	  to	  determine	  the	  function	  of	  miR-‐145	  in	  NCCs.	  	  

Furthermore,	  we	  interrogate	  how	  the	  sequence	  of	  miR-‐145	  affects	  function.	  	  
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Materials	  and	  Methods	  

	  

Cell	  culture	  and	  transfection	  

The	  Joma1.3	  neural	  crest	  cell	  line	  was	  maintained	  as	  reported.	  NCCs	  were	  plated	  

(~7.5 × 105	  cells	  per	  10 cm2)	  on	  plastic	  culture	  dishes	  coated	  with	  fibronectin,	  and	  kept	  in	  

an	  undifferentiated	  state	  by	  the	  addition	  of	  200	  nM	  4-‐OHT	  (Tamoxifen)	  every	  24 h	  as	  

previously	  described	  9.	  For	  differentiation,	  pre-‐miR-‐145	  or	  -‐miR-‐143	  was	  transfected	  in	  6-‐

well	  culture	  dishes	  using	  10 μl	  lipofectamine	  (Invitrogen)	  at	  concentrations	  ranging	  from	  

66 nM	  to	  132 nM	  to	  induce	  VSMC	  differentiation	  24 h	  after	  removal	  of	  4-‐OHT.	  	  

	  

Cos	  cells	  were	  maintained	  in	  DMEM	  with	  10%	  FBS.	  	  Cells	  were	  transfected	  with	  miR-‐16	  or	  

miR-‐145	  mimic	  (Dharmacon),	  PGL3	  control	  or	  Klf4/PGL3	  firefily,	  and	  Renilla	  luminescent	  

constructs.	  	  

 

Immunostaining 

Immunostaining was performed using pre-ready mouse anti-smooth muscle actin (Dako, 

1A4), 1:500 mouse anti-caldesmon (Abcam, 12B5), and 1:50 rabbit anti-calponin 
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(Chemicon) antibodies and 1:400 Tritc- or Fitc-conjugated goat anti-mouse IgG or goat 

anti-rabbit IgG (Jackson ImmunoResearch). 

 

Quantitative real time PCR 

Quantitative real time PCR was performed using a 7900HT fast-real time PCR system 

(Applied Biosystems) on cDNA generated to perform microarray assays described 

above. The following Taqman gene expression assays were used:  

Gapdh- Mm99999915-g1, Myh11- mM00443013_m1, cnn1- mm_00487032_m1, Tagln-

Mm00441661_g1, acta2- Mm00725412_s1, p75- 4331182 Mm00441889_m1, myocd- 

Mm00455051_m1. 

 

Luciferase assays 

Dual Luciferase reporter assays (Promega) were performed on lysates from Cos cells 

transfected with miR-145 and PGL3 or Klf4/PGL3, and Renilla (From Cordes et al., 

Nature, 2009) reporter constructs.  Relative luminescence was measured.  
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Results 

 

miR-145 induces multipotent neural crest cell differentiation to smooth muscle 

Multiple miRNAs with high levels of expression in the heart have been shown to play 

important roles during cardiac development, including miR-1, miR-133a, miR-133b, and 

miR-206 10,11. These miRNAs function mainly in first heart field and second heart field 

derived tissues to regulate development of the myocardium.  However, little is known 

about miRNA regulation of CNC derived tissues in the heart during cardiac 

development.  

 

We previously identified miR-145 as a miRNA highly enriched in neural crest derived 

tissues in the heart 8.  miR-145 is highly conserved (Fig 1B) and is expressed in mature 

VSMCs in the aorta, pulmonary artery and coronary vessels of the postnatal heart (Fig 

1A).  However the function of miR-145 in CNC, and CNC derived VSMCs, has not been 

determined.   

To determine the function of miR-145 in NCCs, we manipulated miR-145 levels of 

expression in a multipotent neural crest cell line (Joma1.3) that can differentiate into 

many different cell types including SMCs, melanocytes, chondrocytes, and neurons 9.  
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Addition of a miR-145 mimic was sufficient to induce multiple VSMC-like phenotypes in 

JoMa1.3 cells after only 24 hours.  Expression of many smooth muscle specific genes 

including Sm-α-actin, Sm-22α, and smooth muscle myosin heavy chain (Sm-MHC) were 

enriched transcriptionally in miR-145 transfected NCCs compared to control multipotent 

(4OHT treated) cells (Fig 2A).  Smooth muscle markers including Sm-α-actin, Calponin, 

and Caldesmon were detected at the protein level in miR-145 induced NCCs by 

immunohistochemistry (Fig 2B, 2C).  Quantification of Sm-α-actin+ cellsr evealed that 

miR-145 was sufficient to induced smooth muscle marker expression in  ~75% of NCCs 

(Fig 2D).  Furthermore, the JoMa1.3 derived SMCs exhibited calcium flux 

measurements similar to VSMCs indicating that the SMCs generated functionally 

resemble mature, contractile smooth muscle.  Taken together, these data indicate that 

miR-145 is sufficient to promote a VSMC fate in multipotent NCCs. 

 

Canonical and non-canonical miR-145 residues influence SMC differentiation 

miRNAs are small non-coding RNAs that interact with the 3’ untranslated regions of 

multiple target mRNAs, usually resulting in gene silencing.  Targets are typically thought 

to imperfectly base pair with miRNAs but maintain high complementarity between 

nucleotides 2-8, a region of the miRNA sequence known as the seed region 12. However 



	   31	  

there is emerging evidence suggesting that some miRNAs may have “extended” seed 

regions (nucleotides 2-12) 13, or 3’ compensatory regions of complementarity 14, outside 

of the classical seed region that are important in miRNA:mRNA interactions. The 

evolutionary pressure on each nucleotide throughout many miRNAs, including miR-145 

(100% conserved from human to fish), indicates that there may be an important function 

for nucleotide bases outside the canonical seed.   The residues important for miR-145 

binding interactions with its targets, and how these interactions affect NCC to SMC 

differentiation, have not been described.   

 

To determine which nucleotides influence miR-145 function, we mutated each individual 

base in the miR-145 mature sequence (Table 1) and assessed miR-145 directed 

differentiation to SMCs.  miR-145 wild type and mutant mimics were transfected into 

multipotent JoMa1.3 cells. We assessed the state of SMC differentiation by measuring 

expression levels of the smooth muscle marker genes Sm-α-actin and Calponin.  Point 

mutations in the seed region decreased the percentage of cells that were Sm-α-actin+ as 

detected by immunohistochemistry (Fig 3A). Wild type miR-145 induces ~75% of 

JoMa1.3 cells to stain Sm-α-actin+. However mutations in the seed region decreased 

the percentage Sm-α-actin+ cells (> 20%) and resembled percentages observed in 



	   32	  

JoMa1.3 cells allowed to differentiate randomly (mock). Mutations in the seed region 

similarly affected transcriptional levels of smooth muscle marker gene expression (Fig 

3B). Strikingly, point mutations in nucleotides outside of the miR-145 seed including 

bases at positions 10-15, and 21, were sufficient to decrease expression of smooth 

muscle marker genes to levels observed in control and seed region miR-145 mutant 

transfected cells (Fig 3A, 3B).  Together these data indicate that miR-145 relies both on 

the canonical seed region, and non-canonical alternate regions to promote SMC 

differentiation from multipotent NCCs.  

 

Nucleotides outside of the seed effect miR-145 targeting of Klf4 

In Cordes et al., (2009), we determined that miR-145 helps promote SMC differentiation 

by targeting smooth muscle proliferation genes, including Kruppel-like factor 4 (Klf4), for 

inhibition of translation.  Klf4 is a transcription factor that is rapidly induced in post-injury 

proliferating VSMCs 15, where it works in concert with Serum response factor (SRF) to 

promote transcription of smooth muscle proliferation genes.  Furthermore, Klf4 

represses expression of Myocd 15, a known master regulator of smooth muscle 

differentiation, and positive regulator of miR-145 8.  
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It is clear that proper miR-145 function relies on more nucleotides than are 

encompassed in the seed sequence during SMC differentiation.  Therefore we 

hypothesized that non-seed nucleotides engage in van der waals interactions with 

mRNAs to target them for repression. To test our hypothesis, we modeled miR-

145:mRNA interactions using the 3’UTR of Klf4.  The 3’UTR of Klf4 was cloned into a 

CMV driven luciferase reporter and relative luciferase activity was assessed in the 

presence of wild type and point mutation miR-145 mimics (Table 1).  Consistent with 

translational repression of Klf4 by miR-145, wild type miR-145 robustly repressed 

luciferase activity.  Similar levels of repression were observed upon addition of most of 

the point mutation miR-145 mimics (Fig 4A). However mutations in bases at positions 

8,9,13,15,and 16 were sufficient to blunt the repressive affects of miR-145 (Fig 4A); 

indicating that miR-145:Klf4 engage in non-canonical interactions as Klf4 is targeted for 

repression. 

 

Klf4 was initially identified as a potential target of miR-145 because it was 

bioinformatically predicted to complementary base pair with the seed region of miR-145.  

However, we have shown that other nucleotides engage with the 3’UTR of Klf4. To 

assess the nature of these interactions, we modeled miR-145:Klf4 interactions with an 
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RNA folding algorithm (Diana Lab).  Nucleotides in the seed region of miR-145 were 

modeled to interact with Klf4 at the very same site that initially lead to the prediction of 

Klf4 as a target. However, miR-145 nucleotide bases at positions 13-15 were also 

modeled to engage in complementary base pairing interactions with Klf4 (Fig 4B). To 

determine if bases 13–15 are necessary for Klf4 repression, we mutated these 

nucleotides (CAG mutated to ACU) and assessed relative luciferase activity.  miR-145 

repression was abrogated (Fig 4C). Next, we mutated the nucleotides in the Klf4 3’UTR 

that were predicted to complementary base pair with bases 13–15 of miR-145 (GUC 

mutated to UGA) in the luciferase reporter.  We assessed luciferase activity in the 

presence of wild type miR-145 and found that miR-145 induced repression of Klf4 was 

similarly blunted, suggesting that bases 13–15 are required for targeting of Klf4 for 

degradation.  To determine if van der waals interactions direct Klf4 repression at this 

region, we assessed luciferase activity in the context of the complementary Klf4 (UGA) 

and miR-145 (ACU) mutants.  Remarkably, repression of luciferase activity was restored 

to levels observed in wild type conditions (4 C).  

 

Together, these data indicate that miR-145 interacts with the 3’UTR of Klf4 in a non-

canonical fashion to target Klf4 for repression and regulate SMC differentiation (Fig 5).  
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Table 1: Mutant miR-145 mimics 

 

 

 

 

 

 

Nucleotide 
mutated 

Mutant sequence Nucleotide 
change 

WT guccaguuuucccaggaaucccu  
Base 1 uuccaguuuucccaggaaucccu g to u 
Base 2 ugccaguuuucccaggaaucccu u to g 
Base 3 guacaguuuucccaggaaucccu c to a 
Base 4 gucaaguuuucccaggaaucccu c to a 
Base 5 gucccguuuucccaggaaucccu a to c 
Base 6 guccauuuuucccaggaaucccu g to a 
Base 7 guccagauuucccaggaaucccu u to a 
Base 8 guccaguguucccaggaaucccu u to g 
Base 9 guccaguugucccaggaaucccu u to g 
Base 10 guccaguuugcccaggaaucccu u to g 
Base 11 guccaguuuuaccaggaaucccu c to a 
Base 12 guccaguuuucacaggaaucccu c to a 
Base 13 guccaguuuuccaaggaaucccu c to a 
Base 14 guccaguuuuccccggaaucccu a to c 
Base 15 guccaguuuucccaugaaucccu g to u 
Base 16 guccaguuuucccaguaaucccu g to u 
Base 17 guccaguuuucccaggcaucccu a to c 
Base 18 guccaguuuucccaggacucccu a to c 
Base 19 guccaguuuucccaggaagcccu u to g 
Base 20 guccaguuuucccaggaauaccu c to a 
Base 21 guccaguuuucccaggaaucacu c to a 
Base 22 guccaguuuucccaggaauccau c to a 
Base 23 guccaguuuucccaggaaucccg u to g 
Bases 11–15 guccaguuuuaaacugaaucccu  
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Figure 4: Van der waals interactions outside of the miR-145 seed region promote 

targeting of the Klf4 3’UTR and inhibition of translation 

Dual luciferase assays were performed on cells transfected with miR-145 and miR-145 

single mutation mimics and transfected with Klf4/PGL3 constructs. Relative 

luminescence was calculated (A).  miR-145: Klf4 3’UTR RNA folding was modeled 
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(Diana Lab).  An alternative binding model was predicted for miR-145 van der walls 

interactions with the 3’UTR of Klf4 (B).  Luciferase assays were performed on Klf4/PGL3  

and miR-145 mimics with mutations at  predicted non-canonical  binding sites. 

Mutations in Klf4/PGL3 and miR-145 were disigned to rescue complementarity when 

expressed together. Relative luminescence was calculated and graphed (C). 
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Discussion 

In this study we provide the first evidence that a single miRNA is sufficient to direct cell 

fate decisions in mutipotent stem cells (published in Cordes et al., 2009).  Forced 

expression of miR-145 in neural crest progenitors resulted in robust differentiation to a 

smooth muscle cell fate 24 hours after induction in vitro.  Developmentally, miR-145 

expression is upregulated as CNC derived VSMCs mature and take on differentiated, 

contractile phenotypes. Postnatally, miR-145 is expressed robustly in differentiated 

VSMCs and is drastically decreased in proliferative VSMCs upon neointimal lesion 

formation in vascular ligation mouse models 8, further indicating that miR-145 is a potent 

regulator of SMC differentiation and maintenance in NCC derived tissues in the heart. 

 

Here we show that miR-145 relies on both the classic seed sequence as well as 

nucleotides external to the seed, to promote SMC differentiation. This is the first report 

to our knowledge, that point mutations at positions outside of the seed can abolish 

miRNA function.  Furthermore, miR-145 leverages non-canonical nucleotides in concert 

with the seed sequence to target the SMC proliferation gene Klf4 for translational 

repression. Disruption of van der waals interactions between miR-145:Klf4 at positions 

13–15 of miR-145 were sufficient to blunt miR-145 directed repression of Klf4.  
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Restoration of these interactions however, rescued miR-145 induced Klf4 repression, 

indicating that these non-canonical interactions are required for proper miR-145 function 

and mRNA targeting.  

 

Bioinformatics takes on the task of predicting the targets of miRNAs that have not been 

previously characterized.  However most of these algorithms rely solely on the seed 

sequence of a miRNA to predict their potential mRNA targets. The predictive power of 

these algorithms is poor in the context of miRNA:mRNA non-canonical interactions 16,17. 

Therefore such algorithms may not be sufficient to identify all relevant targets of miR-

145.  Employing experimental approaches may lead to the identification of targets that 

are difficult to predict and has the potential to enhance our understanding of the 

mechanisms by which miR-145 affects SMC differentiation. 
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Reprogramming of mouse fibroblasts into cardiomyocyte-like cells 

 

Non standard abbreviations  

GMT– Gata4, Mef2c, and Tbx5 

iPS– induced pluripotent stem cells 

iCMs– induced cardiomyocytes 

FACS– fluorescence activated cell sorting 

GFP– green fluorescent protein 

 

Abstract 

Cardiac fibroblasts can be reprogrammed to cardiomyocyte-like cells by introduction of 

the cardiac transcription factors Gata4, Mef2c, and Tbx5 (GMT).  In vitro reprogramming 

yields many partially reprogrammed cells with rare contractile cells, while 

reprogramming of endogenous cardiac fibroblasts in vivo with GMT results in more fully 

reprogrammed cells that contract and electrically couple with endogenous 

cardiomyocytes. Despite the success of multiple groups, the inefficiency of in vitro 

reprogramming has made it challenging for others.  Here, we describe a detailed step-

by-step protocol to address potential sources of experimental difficulty and possible 
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solutions to such obstacles.  We also highlight the most critical steps and reagents 

involved in achieving successful in vitro reprogramming.     

 

Introduction 

The transcription factor MyoD can directly reprogram mouse fibroblasts to skeletal 

muscle 1, however, for other cell types identification of a single MyoD-like factor has 

been elusive.  The reprogramming of fibroblasts to induced pluripotent stem (iPS) cells 

using a combination of transcription factors raised the possibility that a somatic cell 

could similarly be reprogrammed to an alternative differentiated fate without passing 

backwards through a stem/progenitor cell 2,3. Recently, cocktails of transcription factors 

and microRNAs have been reported that together can lead to direct reprogramming of 

fibroblasts to cells that resemble neurons, cardiomyocytes, hepatocytes, and blood cells 

in a process often referred to as transdifferentiation 4-11. Since over 50% of cells in the 

adult heart are non-myocytes, the vast majority being fibroblasts 12, the ability to 

reprogram endogenous fibroblasts to induced cardiomyocytes (iCMs) in vivo would offer 

an alternative to stem cell-based approaches for cardiac regeneration.   
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To identify a combination of factors that reprogram a fibroblast into a cardiomyocyte-like 

cell, we developed an assay system to quantitatively analyze the reprogramming of 

fibroblasts to the cardiomyocyte lineage by reporter-based fluorescence-activated cell 

sorting (FACS). We generated αMHC promoter–driven transgenic mice (αMHC-GFP), in 

which only mature cardiomyocytes expressed green fluorescent protein (GFP), and 

isolated fresh mouse neonatal non-myocytes that did not express GFP, but rather 

expressed Thy1, Vimentin, and DDR2, markers of cardiac fibroblasts. We transduced 

these neonatal cells, which were largely cardiac fibroblasts, with a mixture of 

retroviruses expressing 14 transcription factors involved in cardiac developmental 

networks 13 and identified some αMHC-GFP+ cells.  To determine which of the 14 

factors were critical to activate cardiac gene expression, we serially removed individual 

factors from the pool in an iterative fashion. Ultimately, we found that a combination of 

three developmental transcription factors, Gata4, Mef2c, and Tbx5, rapidly activated 

αMHC-GFP expression, detectable as early as 3 days. Lineage tracing demonstrated 

that the somatic cells never activated markers of cardiac progenitors such as Isl1 or 

Mesp1, suggesting that the transdifferentiation occurred directly from one somatic cell to 

another 11. 
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The reprogramming process in vitro continued in a progressive fashion over time. Most 

GFP+ cells expressed sarcomeric genes at 1 week, displayed calcium transits by 4 

weeks, and some spontaneously contracted after 5-6 weeks.  Although the activated 

cardiac reporter was expressed in 15-20% of post-natal cardiac or dermal fibroblasts, 

only approximately one-third also expressed cardiac Troponin T (cTnT) and only 

approximately 0.5% of these became more fully reprogrammed with the ability to 

contract.  The efficiency was similar to that achieved by the original set of iPS cell 

factors.  However, unlike iPS cells, iCMs cannot be expanded in vitro, limiting the ability 

to generate larger numbers of fully reprogrammed cells for potential clinical or 

investigative use.   

 

Despite the success of several groups, the inefficiency of in vitro reprogramming has 

made it challenging for others, as there are many potential sources of experimental 

failure 14,15.  Here, we provide a detailed step-by-step protocol that addresses the most 

critical areas and reagents that would most likely lead to success in direct cardiac 

reprogramming. 
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PROCEDURE 

Acquire materials listed (Appendix A) 

Maintenance of αMHC-GFP transgenic mice and heart and/or tail tissue harvesting  

1.  Breed αMHC-GFP founder mice with Fvb or CD1 wild type mice to maintain the 

colony.  

 Genotyping primer sets:  forward primer: 5’-ATGACAGACAGATCCCTCCT-3’ 

     reverse primer: 5’-AAGTCGTGCTGCTTCATGTG-3’ 

2. To obtain fibroblasts from the reporter mice, breed αMHC-GFP heterozygous mice to 

homozygosity to obtain higher ratio of pups containing the transgene. 

3. Dissect hearts/collect tails between P0 to P3 to obtain neonatal fibroblasts or after 8 

weeks to obtain adult fibroblasts.   

CRITICAL STEP: It is very important to disinfect mice thoroughly. For cardiac 

fibroblasts, wipe mice with 70% ethanol to avoid contamination, use sterile scissors and 

forceps to dissect hearts, rinse in sterile PBS and squeeze the hearts gently to remove 

most of the blood.  
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For dermal fibroblasts, cut tail tip about 1cm in length. Tail fibroblasts get contaminated 

more frequently than cardiac fibroblasts. When taking tail-tips, disinfection should be 

done more rigorously:  rinse and wipe tails with 70% ethanol at least 3~5 times. 

4. Keep the hearts/tailtips in cold PBS or HBSS, and leave on ice before fibroblast 

isolation. 

CRITICAL STEP: Keep tissues cold to minimize cell death or senescence. 

 

Cardiac or tail-tip dermal fibroblast isolation 

5. Screen the dissected hearts or tail-tips (usually in 24-well plate) under a  

fluorescent dissecting microscope to identify GFP+ hearts and corresponding 

tails. 

6. In a sterile tissue culture hood, start with GFP– hearts to avoid potential GFP+ cell 

contamination. Isolate cardiac fibroblasts from GFP– hearts for negative controls.  

For fibroblast isolation, there are two options: 

 



	   53	  

7a. Explant culture method 

a. Use curved forceps to move hearts into 60mm center-well organ culture dishes 

and mince hearts into small pieces, less than 1 mm3 in size, using scissors. In 

general it takes at least 5 min. 

CRITICAL STEP: The size of tissue pieces is critical to achieve the maximum 

attachment and migration of fibroblasts.  

b. Add 0.5ml of fibroblast explant medium to minced tissue per neonatal heart or 

tail-tip, dissociate tissue pieces by pipetting up and down gently using 5ml 

pipette. For adult heart, add 2ml explant per heart. 

c. Plate the tissue pieces evenly on 0.1% gelatin-coated plates at the following 

densities: one neonatal heart per well, ¼ adult heart per well, or 1cm tail-tip per 

well of  a 6-well plate in 0.2 ml of fibroblast explant medium. 

CRITICAL STEP: Avoid excess medium to minced tissues to promote attachment 

to the plate. 
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d. Allow the minced tissue to settle for 1.5 -2 h at 37C, then add 2ml of fresh 

fibroblast explant medium gently to each well of the 6-well plate (or 10ml/10cm 

dish).  

CRITICAL STEP: Always add medium from the wall of the plate rather than 

directly upon tissue. Disturbance of the attached cardiac tissue will negatively 

affect the migration of cardiac fibroblasts. We use a 1000 ul pipette for adding 

medium slowly. 

e. Incubate plates for 3 days without disturbance. Afterward, add or change 

medium when it becomes yellow.  

f. 7–10 days later, most of the fibroblasts should have migrated from the minced 

tissues and we see 70-80% confluency in the well.  

 

7b. Enzyme digestion method  

a. Rinse dissected neonatal hearts twice with fresh cold HBSS to remove blood.   

b. Cut hearts into small pieces (~1 mm2) and transfer to a 50 ml flacon tube 

containing 10ml HBSS. 
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c. Add 10ml of 2x enzyme digestion medium to heart pieces in 10ml HBSS.  

Incubate at 37°C on a rocker for ~15 minutes or until hearts are partially 

digested. 

NOTE:  The heart pieces clump together and a fluffy white mesh surrounding the 

tissue is observed.   

d. Spin at 600 rcf for 2 minutes.  

e. Carefully aspirate medium.  

f. Quench cells with 10ml warm fibroblast explant medium. 

g. Spin at 600 rcf for 2 minutes and carefully aspirate medium. 

h. Resuspend in warm fibroblast explant medium, pipetting up and down to break 

up clumps. 

 

i. Plate ~3-5 neonatal hearts per 10 cm dish in 3ml of fibroblast explant media 

and incubate between 20 minutes to 2 hours in a cell culture incubator at 37°C, 

5% CO2.  

 

CRITICAL STEP: Cardiomyocytes begin attaching to the plastic ~30 minutes 

after plating, so a 20 minute incubation period allows for fibroblast attachment 
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with little or no cardiomyocyte attachment.  A longer incubation time can yield 

more fibroblasts but allows for greater cardiomyocyte attachment.  

 

CRITICAL STEP:  Do not use a gelatin-coated plate when performing a 20 

minute incubation.  This changes the timing of cell attachment. 

 

j. Aspirate medium/heart pieces so only single cells remain on the plate. 

 

CRITICAL STEP:  If heart pieces are stuck to the bottom of the plate, rinse with 

HBSS and aspirate off until they detach.  

k. Gently wash 3x with 1x Hank’s Balanced Salt Solution (HBSS) or until 

unattached cells are no longer observed. 

 

l.  Add 10ml fibroblast explant medium to cells and culture until ready for use. 

NOTE: fibroblasts can be used as early as the following day or cultured longer 

(up to 10 days).  
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8. Culture attached fibroblasts for up to 10 days, after which they are ready for staining 

and fluorescence-activated cell sorting (FACS).  

CRITICAL NOTE: Reprogramming efficiency relies on the health and freshness of the 

fibroblasts. For best results, use the freshest cells possible.   

9. Rinse cells with PBS, dissociate cells with 0.05% Trypsin, then quench with fibroblast 

explant medium. 

10. Pass cells through a 40 µm cell strainer, then concentrate fibroblasts by 

centrifugation at 1100 rpm for 3min.  

11. Meanwhile, prepare Thy1-APC staining buffer: dilute anti-mouse Thy1-APC 1:200 in 

10% FBS/PBS, then mix by pipetting up and down.  

12. Aspirate supernatant, resuspend cells in 100~200 µl Thy1-APC staining buffer, and 

incubate at room temperature for 30-60 min.  

CRITICAL STEP: Protect stained cells from light to prevent loss of fluorescent signals. 

13. Wash cells 3 times with PBS and spinning. 

14. Pass cells thorough 40µm cell strainers and get ready for cell sorting. 
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CRITICAL STEP: Keep cells on ice after this step until done with FACS sorting. 

15. Sort GFP-/Thy1+ live cells (add propidium iodine right before sorting to label the 

dead cells).  

16. Plate sorted cells on the dish and culture in cardiomyocyte culture medium at a 

density of 104/cm2.  

17. Cells are ready for retroviral transduction the next day after plating. 

CRITICAL STEP: Fresh primary fibroblasts are required for transduction to assure 

successful reprogramming. Do not use previously frozen cardiac or tail fibroblast for 

reprogramming. 

 

Production of retroviral particles 

18. Split platE cells to 3.6 x106 in a 10 cm gelatin-coated dish the day before 

transfection.  

CRITICAL STEP: The cells need to be relatively confluent (80-90%), however the 

transfection won't work well if cells are too confluent.  

19. Transfect platE cells using Fugene6 (Roche) system: 



	   59	  

a. Mix 27µL Fugene6 in 300µL OptiMem gently by finger tapping, incubate for 5 

min at room temperature in 1.5 ml eppendorf tube for each retroviral vector. 

b. Add 9 µg of the individual retroviral vector DNA (pMXs vector containing 

Gata4, Mef2c, Tbx5 or dsRed) and mix thoroughly by finger tapping, then 

incubate for 15  min at room temperature. 

 c. Add transfection mix dropwise to cells, moving the plate back and forth to mix 

well. 

 d. Incubate transfected cells overnight at 37°C. 

20. Next day, replace medium with 10ml fresh pre-warmed Plat-E medium (without 

antibiotics).  

21. Incubate for 24 hours, then collect viral particles, filtering retroviral medium through 

a 0.45-mm pore-size cellulose acetate filter using a 10 ml sterile disposable syringe. 

22. Add 4 µl of 10 mg/ml polybrene solution (Chemicon) into the 10-ml filtrated virus-

containing medium, and mix gently by pipetting up and down. The final concentration of 

polybrene will be 4 µg/ml.  

CRITICAL STEP: The virus needs to be used freshly or concentrated at titer > 1x108 

copies per ul for storage.   
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Concentration of retroviral supernatant  

23. Retrovirus can be concentrated in two ways depending on the availability of an 

ultracentrifuge:  

Option A: Use Retro-Concentin™ Virus Precipitation Solution (5x) 

a. Transfer the above supernatant to a sterile vessel and add 1 volume of Retro-

Concentin Virus Precipitation Solution to every 4 volumes of retrovirus-containing 

supernatant.  

 b. Refrigerate overnight at 40 C.  

 CRITICAL STEP: Incubation should be at least 12 hours.  

PAUSE POINT: Retroviral particle-containing supernatants mixed with Retro-

Concentin Virus Precipitation Solution are stable for up to 2 weeks at 4°C. 

c. Centrifuge supernatant/Retro-Concentin mixture at 1500 × g for 30 minutes. 

After centrifugation, the retroviral particles may appear as a beige or white pellet 

at the bottom of the vessel. 

d. Aspirate supernatant, spin down residual Retro-Concentin solution by 

centrifugation at 1500 × g for 5 minutes.  
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e. Remove all traces of fluid by aspiration, taking great care not to disturb the 

precipitated retroviral particles in the pellet. 

f. Re-suspend the retroviral pellet in 1/10 to 1/500 of original volume using sterile 

Phosphate Buffered Saline (PBS) or DMEM containing 25mM HEPES buffer. 

Precipitation of retroviral particles from large volumes can be achieved by using 

the Corning 250 mL culture polypropylene centrifuge tube, following 

manufacturer’s instructions. 

Option B: Using ultracentrifugation. 

 a. Transfer the above supernatant to a Beckman Polyallomer Centrifuge Tube 

(25X89mm).  

b. Balance the tubes by adding sterile PBS, carefully put tubes into buckets and 

assemble to SW28 rotor.  

 c. Spin in the ultracentrifuge at 20K rpm (g = 33,735) at 4oC for a minimum of 2h.  

d. Remove the supernatant to about half an inch above the viral pellet with a 

glass Pasteur pipette, then carefully remove remaining supernatant using pipette 

tips without disturbing the pellet. 
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Note: To further concentrate the virus, add more supernatant to the existing 

centrifuge tube and repeat steps b-d. This can be done multiple times.   

e. Wash pellets once with cold PBS, combine pellets from multiple tubes if higher 

titer is desired.  

 f. Repeat c and d. 

g. Resuspend viral pellets with 100~200ul cold PBS or DMEM containing 25mM 

HEPES buffer, pipette up and down and then transfer into 1.5ml eppendorff 

tubes. 

24. Aliquot in cryogenic vials for storage.  

25. Snap-freeze the aliquots in liquid nitrogen, and store at -80°C until ready for use. 

CRITICAL STEP: Snap-freezing ensures minimal loss of viral titer. 

PAUSE POINT: Frozen aliquots of concentrated virus can be stored at -80°C for at least 

1 year if prepared properly. 

Determining the retroviral titer   

26a. Determining the Infectious forming units (IFU) of fluorescent protein-Retrovirus 
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a. Day1, plate 30,000 NIH3T3 cells per well on 24 well plate in 1 ml medium/well.  

b. Day2, count cells on 1 well (should have 40-60.000) and transduce the cells 

with 5, 10-fold serial dilutions in 250µl total vol; take 50µl for non-concentrated or 

1µl for concentrated vector stock, as the first dilution. 

c. Day3, add 1ml of medium.  

d. Day5, digest cells and analyze fluorescence by FACS and read percentage 

from linear values (usually 5-10%) Titer is a number (percentage) of cells 

transduced by a given volume and counted on D2. e.g. 1µl gives you 10% of 

positive cells and you had 50.000 cells on D2, so you have 5.000TU/µl --> 5x106 

TU/ml. 

27. Determine the total copy number of virus  

a. Use Retro-X™ qRT-PCR Titration Kit to determine total copy number of all 

packaged retrovirus. 

28.  Determine the percentage of infectious virus mathematically of fluorescent protein-

retrovirus by comparing the IFU to the total copy number of virus (total copy number 

divided by IFU).  The IFU of non-fluorescent protein-retroviruses is calculated by 
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multiplying the total copy number by the percentage of infectious fluorescent protein 

virus calculated above.   

[ex: If percentage of infectious virus in GFP retrovirus is 80% and the total copy number 

of Gata4 retrovirus is 1x108 copies per ul, the IFU of Gata4 is calculated: 80%(1x108)= 

0.8x108 copies per ul] 

CRITICAL STEP:  To properly calculate the IFU of non-fluorescent-retrovirus, it is critical 

that fluorescent and non-fluorescent-retroviruses are made in the same batch.   

 

Infection of mouse fibroblasts 

29. Aspirate the medium from cultured fibroblasts.  

30a.Retroviruses should be used freshly. After 48 h of transfection to Plat-E cells, the 

titer of fresh virus solution should be best. The timing of infection is important. Make a 

mixture of equal parts of the medium containing Gata4, Mef2c and Tbx5 retroviruses. . 

Add 10 ml to one 10cm dish. 
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30b. To use concentrated virus, make a mixture of the medium containing polybrene 

and 1x108  IFU/ml of each retrovirus.  Excess or insufficient virus can adversely affect 

reprogramming. Add 10 ml to one 10cm dish.   

31. Incubate the cells overnight. After 24 h, aspirate the medium, and add 10 ml fresh 

cardiomyocyte culture medium.  

32. Change medium every 2-3 days.  

 

Determining the state of reprogramming 

33. Assess for GFP+ cells under the fluorescence microscope 3 days after viral 

infection. Typically, the first faint signs of GFP+ cells can be visualized on day 3; 1 week 

later, GFP+ cells can be observed. Quantify GFP+ iCMs using FACS as described 

below.  

34. Aspirate medium off the plate, gently wash the cells with PBS. 

35. Trypsinize cells with 0.05% (vol/vol) trypsin/EDTA for 3~5 min. 

36. Quench the trypsin with cardiomyocyte culture medium or FBS and transfer cells to 

a 50 ml Falcon tube. 

37. Centrifuge cells at 1100 rpm for 3min at room temperature. 
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38. Wash cells with PBS and pass through 40ul cell strainer. 

39. Centrifuge cells at 1100rpm for 3min at room temperature. 

40. Resuspend cells in 100ul 10% FBS/PBS and quantify GFP+ cells by FACS Calibur.  

At good virus transduction and reprogramming conditions, the percentage of aMHC-

GFP+ cells should be more than 15% (it may depend on mouse line) and transduction 

efficiency by GFP or DsRed retrovirus should be > 95%. If not, you may observe 

sarcomeric structures by IHC but not beating cells after one month (important). 

Timing  

Steps 1–4, collect αMHC-GFP mouse hearts and/or tails: 1~2 hr 

Steps 5–17, isolate cardiac and/or tail-tip fibroblasts: 7~10 days 

Steps 18–22, produce retrovirus: 2 days 

Steps 23–26, concentrate retrovirus: OptionA, 2 days; Option B, 2~5 hr depending on how high 

the titer is desired 

Steps 27–30, transduce fibroblasts with retrovirus: 1hr 

Steps 31–40, determine the state of reprogramming: FACS sorting: 4~5 hr; IHC: 2days. 
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Table 1: Troubleshooting in vitro cardiac reprogramming 

Step Problem Possible reason Possible solution 

7a-f Very few/no 
fibroblasts 
migrate from 
explant 

Poor attachment of 
minced tissue 

Too much medium 
during the first 
several hours  

Mince thoroughly  

Do not touch the plates before any 
necessary manipulation 

Add only 0.2 ml (total) to 1 well of 
6-well plate 

FBS batch may affect the 
migration 

7b Bad fibroblast 
recovery and/or 
tremendous cell 
death 

Digestion 
temperature is too 
high or too low 

Overdigestion 

Keep temperature (37C) as 
constant as possible 

Reduce the amount of Trypsin and 
digest for less time 

7 Contamination on 
isolated 
fibroblasts 

Poor disinfection 

 

Infected during 
culture manipulation 

Disinfect thoroughly at the initial 
collection step 

Use more sterile technique; add 
antibiotics to medium 

14 Weak/No Thy1 
signal 

Incubation time is too 
short 

 

Not enough primary 
antibody 

 

Bad Thy1-APC 
antibody 

Incubate cells in antibody solution 
for at least 30 min, we recommend 
for 1 hour.  

Scale up the amount of antibody 
used based on the amount of cells 
(1ul antibody (undiluted) per half 
million cells) 

Use fibroblast cell line to validate 
and replace antibody if necessary  

15 Bad survival of 
fibroblasts after 
sorting 

Cells are damaged 

Sorting condition is 

Complete steps more quickly, 
maintaining cells on ice as much 
as possible 
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too rough Add more FBS to sorting buffer, or 
collect cells in pure FBS 

20 No/few virus 
particles are 
produced 

Low quality of platE 
cells 

 

 

Low quality of pMX 
plasmids 

Use platE cells with lower 
passages (<P30) and proper 
seeding density (too low or too 
high seeding density is correlated 
with poor virus production) 

Prepare new pMXs plasmids 
(Need maxiprep, do not use 
miniprep-prepared plasmids) 

22 No virus pellet 
after 
concentration 

The pellet is 
disturbed during 
manipulations  

Bad virus production 

Re-centrifuge and take extra care 
while taking out the tube 

Repeat productions of virus; use 
dsRed/GFP as control. Refer to 
Solution for 20  

30 No GFP cells 
observed 

Low quality of 
fibroblast 

 

Virus titer is lower 
than expected 

 

Used the wrong 
medium 

 

Fibroblasts are not 
αMHC-GFP 

GFP is faint and 
cannot be seen by 
eye 

Prepare fibroblasts fresh and 
watch for proliferative rate and 
morphology. Ensure the starting 
sample is of high quality 
Retrovirus can infect only 
proliferating cells  

Concentrate virus more, re-
determine the titer by qRT-PCR 
titration kit 

Make fresh virus 

Remember to switch the fibroblast 
medium to cardiomyocyte medium 
after transduction 

Re-genotype the fibroblasts; if 
wrong, get fresh ones from the 
correct mouse. 

Use young male aMHC-GFP TG 
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mouse (<1 year)  

Perform FACS analysis to 
determine quantity of GFP+ cells  

 No sarcomeric 
structure 
observed 

Unsuccessful 
reprogramming 

Bad 
immunocytochemistry 

 

Use fresh fibroblast, fresh virus to 
start over 

Make sure the antibodies, 
blocking buffer, washing buffer 
work fine, always include 
endogenous cardiomyocytes as 
positive control. 

 No beating cells 
found 

Less successful 
reprogramming 

Cells are not fully 
reprogrammed 

Culture condition is 
not favorable 

See solution for 30  

Wait longer, and check frequently 
and carefully 

Make sure the cells are healthy 
with sufficient density. Cells with 
low density are more difficult to 
convert into beating myocytes 

 

Use high magnification objective 
(20-40x) to find single beating 
cells (important). You need careful 
observation to find the cells, 
because they are not beating 
colonies like ESC-derived 
cardiomyocytes. 

At good virus transduction and 
reprogramming conditions, the 
percentage of aMHC-GFP+ cells 
should be more than 15% after 1 
week  and transduction efficiency 
of GFP or DsRed retrovirus should 
be > 95%. If not, you may see 
sarcomeric structures by IHC, but 



	   70	  

may not observe beating cells 
(important). 
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Temporal Transcription Profiling Reveals Barriers to Cardiac Reprogramming 

 

Non-standard Abbreviations and Acronyms 

CF- Cardiac fibroblasts 

iCM- Induced cardiomyocyte-like cell 

CM- Cardiomyocyte 

FACS- Fluorescence activated cell sorting 

OPLS- Orthogonal projections to latent structures 

GO- Gene ontology 

GMT- Gata4, Mef2c, Tbx5 

sGMT- Single vector Gata4, Mef2c, Tbx5 

SB- SB431542 

ECM- Extracellular matrix 

 

Abstract 

Rationale: Direct cardiac reprogramming involves the transdifferentiation of adult 

somatic cells into cardiomyocyte-like cells and has the potential to repopulate 

cardiomyocytes (CMs) in the heart after injury. To further inform strategies to enhance 
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reprogramming efficiency overall, it is imperative to understand the molecular events 

that drive cardiac reprogramming in vitro.  

 

Objective: In this study we aimed to characterize the molecular changes that occur 

throughout cardiac reprogramming to better understand the mechanisms that guide this 

process and identify factors that affect the efficiency of reprogramming in vitro. 

 

Methods and Results: Here, we generated induced cardiomyocytes (iCMs) in vitro by 

transducing cardiac fibroblasts (CFs) with Gata4, Mef2c, and Tbx5 (GMT), and allowed 

reprogramming to occur for different lengths of time. RNA was isolated from iCMs over 

a time course ranging from 3 to 42 days after GMT transduction and the state of the 

transcriptome was determined.  Thousands of genes, including fibroblast- and CM-

specific genes, displayed rapid expression changes that stabilized over time, while other 

genes, including members of developmental signaling pathways, displayed transient 

and dynamic expression patterns. In particular, the Tgfβ signaling pathway was highly 

active early and diminished over time. Correspondingly, addition of the chemical Tgfβ 

inhibitor, SB431542, to GMT, resulted in an increase in the number of iCMs observed, 
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enhancement in the quality of reprogramming, and dramatically accelerated 

reprogramming; this effect was lost upon addition of Tgfβ protein. 

 

Conclusions: GMT-induced iCMs undergo dynamic changes in transcription throughout 

the process of reprogramming. The Tgfβ signaling pathway was the most dynamically 

regulated pathway during this process and served as a barrier to reprogramming. Early 

inhibition of Tgfβ signaling led to enhancement of GMT reprogramming efficiency and 

cell quality.   

 

Introduction 

Cardiovascular disease is the leading cause of death worldwide. The heart’s limited 

ability to repair itself and replace lost cardiomyocytes after injury leads to fibrosis and 

results in decreased heart function. Although current medical and surgical therapies can 

palliate heart failure, these therapies do not address the loss of cardiomyocytes after 

injury. The recent discovery that resident fibroblasts within the heart can be leveraged to 

generate induced cardiomyocyte-like cells (iCMs) suggests a potential strategy to 

repopulate the heart with cardiomyocytes (CM) after injury.   
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In a previous study, we performed a screen in vitro using combinations of candidate 

transcription factors with essential functions during cardiac development to identify a 

combination of genes that may be sufficient to induce cardiac fibroblasts (CF) to 

develop a more cardiomyocyte-like phenotype. We identified the cardiac transcription 

factors Gata4, Mef2c, and Tbx5 (GMT) as a combination that could reprogram CFs to 

iCMs, albeit relatively inefficiently.1 Building on this technology, subsequent reports 

have shown that various combinations of transcription factors,2-5 and microRNAs6 can 

also generate iCMs, with some improving the GMT-induced reprogramming in vitro. 

However, the process of in vitro reprogramming remains inefficient with most cells only 

being partially reprogrammed and the molecular changes that drive this process remain 

largely unknown.  

 

In contrast, introduction of cardiac reprogramming cocktails to injured murine hearts in 

vivo result in more fully reprogrammed iCMs, increased heart function, and decreased 

scar size after injury, although cardiac function was not completely restored.6, 7 

Improvement of cardiac function and scar size with GMT was enhanced with addition of 

Thymosin b4, a secreted protein we previously reported to enhance integrin linked 

kinase (ILK)-dependent activation of Akt signaling in the heart.8 The in vivo 
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microenvironment likely provides yet unknown signaling cues, extracellular matrix, and 

mechanical forces that result in a greater transcriptome shift and cellular changes that 

result in more fully contractile cells. A thorough investigation of the temporal 

transcriptional changes that occur in vitro would help determine the key events 

underlying the cellular switch and may reveal the barriers to reprogramming that could 

be addressed to increase efficiency in vitro. 

 

Understanding the molecular changes that enable phenotype switching during the 

process of reprogramming has led to the identification of factors that enhance the 

efficiency of fibroblast conversion to induced neurons9 and induced pluripotent stem 

cells.10 In this study, we took an unbiased approach to understanding the molecular 

events that drive cardiac reprogramming and identified molecular pathways that may 

enhance or inhibit the efficiency of cardiac reprogramming in vitro. Here we provide a 

detailed characterization of the transcriptome throughout the process of GMT-induced 

reprogramming in vitro that informed downstream strategies to enhance reprogramming 

overall.  
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Methods 

 

Plasmid Information 

pMXs-Gata4, pMXs-Mef2c, pMXs-Tbx5, and pMXs-dsRed Express were constructed as 

previously described.1 A plasmid containing a BamH1 site, followed by Gata4, 

1xDDDDK tag, P2A, Mef2c, 1x myc tag, F2A, Tbx5, 1xHA, and a Not1 site was 

synthesized and subcloned into a pUC vector (Epoch Lifescience, gene synthesis full 

service). The pUC-GMT vector was cut with BamH1 (NEB, #R0136S) and Not1 (NEB, 

#R0189S), and the GMT-containing fragment was isolated by gel electrophoresis, 

followed by gel purification (QIAquick gel extraction kit). pMXs-dsRed Express 

(Addgene, plasmid #22724) was digested with BamH1 and Not1, and the pMXs 

backbone was isolated as above. pMXs was ligated with GMT (NEB, Quick Ligation Kit 

#M2200S) to generate pMXs-GMT as shown in Figure 1A.   

  

Viral Packaging and Transduction 

Retroviral vectors were packaged using Fugene HD (Roche) in OptiMEM to deliver 

10μg of retroviral vector DNA to ~80% confluent 15 cm plates of PlatE cells in fibroblast 

explant media as previously described.11 Viral supernatant was collected at 48 hours 
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post transfection, and spun for 2 hours at 33,000 g at 4°C using an ultracentrifuge. 

Pelleted virus was resuspended in PBS, aliquotted, and frozen at -80°C until use.   

 

Tissue Collection and Fibroblast Isolation 

Mouse cardiac fibroblasts were isolated from P0-P5 αMHC-GFP transgenic neonates 

using the migration method as previously described.1, 11 Hearts were isolated, minced, 

and plated out onto gelatin-coated plates and incubated in fibroblast explant media 

(20% FBS in IMDM) for one week at 37°C. The tissue was washed with 2x PBS, 

digested in 0.05% Trypsin for 5 minutes, and resuspended in fibroblast explant media. 

Tissues were filtered through a 70 μM filter and pelleted. Pelleted cells were stained for 

20 minutes with Thy-1-APC (Ebioscience, anti-mouse/rat CD90.1 thy-1.1 #17-0900-82) 

and washed 2x with PBS as previously described.11 Cells were sorted for APC+ cells by 

fluorescence activated cell sorting (FACS) and plated out onto 10 cm gelatin-coated 

plates.   

 

Conversion of Cardiac Fibroblasts to iCMs 

Direct conversion of Thy1 (+) CFs to iCMs was completed as previously described11 and 

shown in Figure 2A. pMXs-Gata4, pMXs-Mef2c, and pMXs-Tbx5, or pMXs-GMT were 
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mixed with 4 ug/ml polybrene solution (Chemicon) in fibroblast explant media (1x108 IFU 

per ml for each vector) and added to CF at day -1.  24 hours later, the culture medium 

was replaced with cardiomyocyte culture medium11 or mixtures of cardiomyocyte culture 

medium containing either 2.6 μM SB431542 (Tocris #1614) or 2.6 μM SB431542 and 

50ng/μl mTgfβ1 (R&D Systems #7666-MB) at day 0. All cells treated with SB received a 

single dose but the medium was left on the cells for 7 days. Cells treated with mTgfβ1 

were dosed multiple times– once each time the culture medium was replaced.  The 

cardiomyocyte culture medium was replaced every 7 days.  

 

Immunocytochemistry and Quantification 

Samples were fixed using 4% PFA, washed 2x in PBS containing 0.1% TritonX-100 

(PBST), and blocked (Biogenex, Power Block Universal Blocking Reagent, #HK085-5K) 

for 15 minutes at room temperature as previously described.11 Samples were incubated 

in a mixture containing primary antibodies diluted in PBST and blocking buffer (1:1) and 

incubated at 4°C overnight. The following primary antibodies were used: troponin t, 

cardiac isoform Ab-1, mouse monoclonal antibody (Thermo Scientific #MS-295-PO, 

1:200), Monoclonal anti ryanodine receptor antibody (Sigma Aldrich #R129-100UL, 

1:500), monoclonal anti-α-actinin sarcomeric antibody (Sigma Aldrich #A7811, 1/200), 
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and Gja1 (Thermo Scientific #PA1-25098, 1:500). Samples were washed for 15 minutes 

at room temperature 2x with PBST, then incubated in a mixture containing secondary 

antibodies diluted in PBST and blocking buffer (1:1) at room temperature for 1 hour. 

Samples were washed for 15 minutes at room temperature 3x with PBST and 

visualized. Stained cells were quantified with Volocity Imaging Analysis Software 

(PerkinElmer). The standard error mean was calculated for all comparisons; p<0.05 was 

considered statistically significant.   

  

Western Blot 

Proteins from cell lysates containing 20 μg of protein were separated by SDS-PAGE 

and then electrophoretically transferred onto polyvinylidene difluoride membranes 

(BioRad). After the proteins were transferred, the membranes were washed in PBS and 

treated with blocking buffer (Li-cor), followed by incubation with primary antibodies at 

4°C overnight. The following primary antibodies were used: Anti-GAPDH antibody 

loading control (Abcam #Ab9484, 0.5 μg/ml), Rabbit polyclonal to DDDDK tag (Abcam 

#ab21536, 0.5 μg/ml), Rabbit polyclonal to HA tag (Abcam #ab9110, 1/5000), Goat 

polyclonal to myc tag (Abcam #ab9132, 1/5000), anti-Tgfβ Receptor 1 antibody (Abcam 

#Ab12024, 0.1 μg/ml), anti- Tgfβ Receptor 1 phospho S165 (Abcam #ab112095, 
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10ng/ml), and Phospho Smad2/3 (Cell Signaling #8685S, 1/1000). Membranes were 

washed in PBS and incubated with the appropriate secondary antibodies (Li-Cor, IRDye 

600LT; IRDye 800CW, 1/10,000) for 1 hour at room temperature. Membranes were 

washed and visualized (Odyssey Fc Dual-mode Imaging System). 

   

Microarray and Statistical Analyses 

GFP(+) expressing iCMs, GFP (+) CMs, and dsRed (+) control CFs (mock) were 

isolated by fluorescence activated cell sorting (FACS) and RNA was isolated (Qiagen, 

RNeasy micro kit #74004).  Mouse genome-wide analysis was assayed using the 

Affymatrix Mouse Gene 1.0 ST Array (#90246). Microarrays were normalized for array-

specific effects using Affymetrix's "Robust Multi-Array" (RMA) normalization. All array 

probesets were removed where no experimental groups had an average log2 intensity 

greater than 3.0.  Linear models were fitted for each gene using the Bioconductor 

"limma" package in R. Moderated t-statistics,12, 13 fold-change and the associated P-

values were calculated for each gene.  The false discovery rate (FDR)-adjusted values 

were calculated using the Benjamini-Hochberg method.14 Genes with corresponding 

expression values that had at least a four-fold change between cardiac fibroblast 

samples and neonatal cardiomyocyte samples were plotted. The strength of linear 
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correlation between samples was tested with the Pearson’s R test using R statistical 

software. All experiments were done in triplicate and average values were graphed.   

 

Gene Ontology Analysis  

Gene ontology analysis was performed on genes significantly different between iCMs 

and CF (p>0.0001) using GO-Elite. Pathways with a Z-score threshold of 1.96 and 

minimum of 3 genes changed were called.  Similar pathways were combined. 

 

Orthogonal Projections to Latent Structures (OPLS) Analysis 

The clustering algorithm HOPACH in the statistical software package R was used to 

identify genes with similar patterns of expression over time in samples collected from 

iCMs at multiple time points. Genes with similar levels of expression by microarray were 

eliminated and the expression values for each of the remaining genes were centered 

around the mean and scaled by the standard deviation. To identify genes that had at 

least a two-fold change in expression at a given time point, relative to all other time 

points, we used the Orthogonal Projections to Latent Structures (OPLS) algorithm. 

Genes that had an absolute partial correlations value (Pcorr) of at least 0.7 for at least 

one time point were graphed.   
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Quantitative real time PCR 

Quantitative real time PCR was performed using a 7900HT fast-real time PCR system 

(Applied Biosystems) on cDNA generated to perform microarray assays described 

above. The following Taqman gene expression assays were used:  

Gapdh- Mm99999915-g1, Smad2- Mm00487530-m1, Smad7- Mm0048742_m1, Tgfbr1 

(Mm00436964_m1). 

 

 Results 

 

A single GMT vector reprograms with similar efficiency as separate vectors 

The generation of iCMs was first reported using three separate retroviral vectors 

containing Gata4, Mef2c and Tbx5 (G+M+T). Although this strategy successfully 

converted CFs to iCMs, it was limited by the need for each individual fibroblast to be 

successfully infected by each of the different retroviral vectors. Recent reports have 

shown that cardiac reprogramming can be achieved with similar or improved efficiency 

when GMT is induced using a single vector.15-17 We therefore generated a single 

synthetically tagged retroviral GMT vector (sGMT) with the following tags: Gata4-Flag, 

Mef2c-Myc, and Tbx5-HA, with each gene separated by 2A sites (Figure 1A). In order to 
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determine if GMT is expressed and separated into individual proteins after translation, 

we performed western blots on lysates isolated from CFs induced with sGMT. Gata4, 

Mef2c, and Tbx5 were detected in immunoblots against Flag, Myc, and HA, 

respectively, at the appropriate sizes in lysates isolated from sGMT-infected CFs, but 

not in lysates isolated from G+M+T-infected CFs, indicating that the antibodies bind 

specifically to the synthetic tags (Figure 1B).  Furthermore, Flag, Myc, and HA were 

detected by immunocytochemistry in the nuclei of CFs infected with sGMT, indicating 

that GMT is translated and successfully located to the nucleus (Supplemental Figure I). 

CFs isolated from transgenic αMHC-GFP mice infected with G+M+T and sGMT were 

similar in sarcomeric organization (Figure 1C) and in percentage of αMHC-GFP+ cells 

(Figure 1D), suggesting that cardiac reprogramming is comparable between G+M+T- 

and sGMT-induced CFs. In addition, cardiac-specific markers including Tnnt2, Gja1, 

and Ryr2 were observed upon sGMT induction after 28 days of reprogramming (Figure 

1E), further indicating that sGMT promotes cardiac reprogramming. 

 

GMT induces rapid and dynamic global changes in gene expression 

iCMs acquire hallmark CM-like phenotypes over time. GFP+ cells in CFs isolated from 

αMHC-GFP+ transgenic mice can be observed as early as three days after induction. 



	   85	  

However, phenotypes such as sarcomeric protein expression and beating are acquired 

only after weeks of reprogramming. The molecular changes that occur throughout the 

process of reprogramming that allow these phenotypic changes to occur remain 

unknown. To identify changes in gene expression levels during reprogramming, we 

interrogated the transcriptome of GFP+ iCMs that were allowed to reprogram for 

different lengths of time. Microarrays were performed on RNA isolated from GFP+ cells 

that were allowed to reprogram for 3, 7, 14, 21, 28, and 42 days (Figure 2A). Global 

changes in gene expression were observed early during the reprogramming process. 

~1000 fibroblast genes which were highly expressed in control dsRed-infected CFs 

showed significantly decreased expression levels as early as three days after sGMT 

induction. Furthermore, ~2000 cardiac genes which were enriched in neonatal CMs 

showed a modest increase in expression levels in iCMs after three days of 

reprogramming. This increase in cardiac gene expression progressed further over time 

to achieve comparable levels to those observed in neonatal CMs (Figure 2B).              

 

Although CF genes decreased and CM genes increased during the reprogramming 

process, iCMs displayed transient levels of expression of genes that were not 

specifically enriched in CFs or CMs (~2000 genes). To determine how similar the 
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transcriptional profiles of each sample were to one another, we performed gene 

clustering based on global levels of expression. We found that replicates of CF samples 

clustered together, and similarly, replicates of neonatal CM samples clustered together. 

iCMs clustered separately from CFs and CMs, likely due to the presence of transiently 

expressed genes, although one iCM sample collected after 42 days of reprogramming 

clustered with CMs. iCM samples from each time point did not cluster as tightly together 

as CF and CM samples, which may be due to heterogeneity in the reprogramming 

status of the population. However, samples isolated at late time points tended to cluster 

with other samples collected at late time points, and similarly, samples collected at early 

time points clustered with other samples isolated at early time points (Figure 3A). 

Although some heterogeneity was observed between iCM samples at the global level, 

orthogonal projections to latent structures (OPLS) analysis, which identifies genes 

uniquely expressed in one group, revealed that each time point displayed a discrete 

number of genes with levels of expression that are unique to that specific time point 

(Figure 6B and Table 2). Despite variation between samples as iCMs undergo dynamic 

global shifts in transcription throughout the process of reprogramming, iCMs 

downregulate the CF gene program, upregulate CM genes to resemble a neonatal CM 
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transcriptional profile, and display gene signatures that mark the length of time iCMs 

have been allowed to reprogram.   

 

To determine which cellular processes may be affected by these dynamic changes in 

transcription, we performed gene ontology (GO) analysis on genes that had significantly 

different levels of expression in iCMs compared with CFs. Genes involved in myriad 

cellular processes were identified. Many categories identified were consistent with 

dividing CFs undergoing a post-mitotic CM-like phenotypic switch, including changes in 

expression of cardiac- and muscle-specific genes, as well as genes involved in cell 

division, cell growth, metabolism, ion transport, and development. The most highly 

represented category was extracellular matrix (ECM) and signaling, which accounted for 

nearly 30% of the genes in all GO categories. Many genes represented in the ECM 

category encoded collagen genes that were down regulated in iCMs relative to CFs, 

which are normally highly expressed in CFs but not CMs. Genes involved in signaling 

included members of the integrin, PI3K, Vegf, Jnk, IGF, and Tgfβ pathways (Figure 3B).  

Of the pathways represented, members of the Tgfβ pathway were the most abundantly 

and completely represented.   
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Tgfβ signaling significantly changes upon GMT induction 

The Tgfβ pathway is known to influence several cellular functions, including fibrosis, 

apoptosis, transdifferentiation, and proliferation, in a context-dependent manner.18-21 

Since Tgfβ pathway members were highly represented in the largest GO category 

identified, we hypothesized that the Tgfβ pathway may influence reprogramming in the 

setting of GMT overexpression. Therefore, we assessed the dynamics of transcription of 

members in the Tgfβ pathway, as identified at Wikipathways.org, over the course of 

cardiac reprogramming. Most members of the pathway were upregulated after 3 and 7 

days of reprogramming relative to CFs. However, genes in this pathway were 

dramatically downregulated by 14 days (Fig 3A,B, Supplemental Figure 2). Genes that 

carry out functions at every level of the of Tgfβ signaling pathway, including receptors, 

ligands, Smads, cofactors and repressors of transcription, displayed expression 

changes (Figure 4A,4B). The timing of this gene expression switch correlates to when 

iCMs take on more CM-like phenotypes, including sarcomeric formation (Figure 2A,4A, 

Supplemental Figure 2). These results, and the recent finding that inhibition of the Tgfβ 

signaling pathway enhances Hand2, Nkx2.5 and GMT (HNGMT)-induced cardiac 

reprogramming,22 suggest that high expression levels of Tgfβ pathway members early 
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during the reprogramming process may serve as a barrier for GMT-induced  iCMs to 

progress to a more fully reprogrammed state.   

 

Tgfβ signaling acts as a barrier to cardiac reprogramming 

In order to determine if increased Tgfβ signaling plays an inhibitory role early during the 

reprogramming process, we added the Alk4/5/7 inhibitor SB431542 (SB) 24 hours after 

GMT induction (Figure 5A). After 48 hours of SB exposure, we found that 

phosphorylation of Tgfbr1 (Alk5) and phosphorylation of its downstream targets 

Smad2/3 were decreased (Figure 5B,C), indicating that SB dampens Tgfβ signaling. 

After 14 days of reprogramming, the number of αMHC-GFP+ cells was increased ~3.5 

fold in CFs induced with GMT+SB compared to GMT alone (Figure 6A,B). The iCMs 

began to spontaneously contract (not shown) as early as 2–3 weeks after GMT+SB 

induction, compared to 6-8 weeks with GMT alone, suggesting that addition of SB 

enhances the efficiency and rapidity of GMT-induced cardiac reprogramming.   

 

The SB compound functions to inhibit phosphorylation of Tgfbr1, and also the Activin 

type 1 receptor (Alk4) and the nodal type 1 receptor (Alk7). To determine if SB functions 

through Tgfbr1 to enhance cardiac reprogramming, we exposed GMT+SB treated cells 
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to Tgfb1 every 7 days beginning 24 hours after GMT induction. After 14 days of 

reprogramming, the number of αMHC-GFP+ cells in GMT+SB+Tgfb1 induced cells 

decreased by ~50% compared to GMT+SB induced cells (Figure 6A,B). Together, these 

data indicate that SB enhances the efficiency of cardiac reprogramming through 

inhibition of Tgfβ signaling. 

 

Inhibition of Tgfβ signaling enhances the quality and speed of cardiac 

reprogramming  

To assess the state of the transcriptome in GMT+SB induced iCMs, we allowed CFs to 

reprogram for 14 days and performed microarrays on RNA isolated from αMHC-GFP+ 

cells.  Fibroblast genes were detected at similar levels to GMT-induced iCMs isolated 14 

days after reprogramming; however, many cardiac genes displayed increased levels of 

expression GMT+SB induced iCMs (Figure 6C). To determine how similar the global 

transcriptional profile of GMT+SB iCMs were to GMT-induced iCMs, CFs, or CMs, we 

performed gene clustering based on global levels of gene expression. GMT+SB- and 

GMT-induced iCMs that were allowed to reprogram for 14 days did not cluster closely 

together. Rather, the transcriptional profile of GMT+SB iCMs more closely clustered with 

neonatal CMs and GMT-induced iCMs that were allowed to reprogram for 42 days 
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(Figure 7A), indicating that addition of SB promotes a more fully reprogrammed 

transcriptional profile earlier during the process of reprogramming. In iCMs induced with 

GMT+SB for 14 days, we also assessed relative expression levels of the signature 

genes identified as unique to each time point throughout the process of GMT-induced 

reprogramming.  The expression levels of many signature genes were similar in 

GMT+SB- and GMT-induced iCMs sampled throughout the time course (Figure 7B and 

Table 2).  Strikingly, most of the signature genes that overlapped between 14-day 

GMT+SB samples and GMT samples were unique to 42-day GMT-induced iCMs (23 out 

63 genes) (Figure 7C). These results indicate that addition of SB not only enhances the 

quality of GMT-induced iCMs, but also hastens the reprogramming process.   
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Figure 1:  A polycistronic vector encoding Gata4, Mef2c, and Tbx5 is sufficient to 

induce cardiac reprogramming 

A single polycistronic retroviral vector containing Gata4, Mef2c, and Tbx5 was 

constructed.  Each factor was synthetically tagged (Gata4-Flag, Mef2c-myc, Tbx5-HA) 

and separated by 2A ribosomal skip sites (A). Protein expression of the synthetic tags 
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were detected by western blot in CFs infected with the tagged GMT vector (GMT) but 

not in CFs infected with untagged individual Gata4, Mef2c, and Tbx5 vectors 

(G+M+T)(B). Sarcomeric staining of CFs infected with either G+M+T, or GMT, display 

similar sarcomeric organization (arrowhead, 20μM scale) (C) and percentages of 

positively stained cells (D). Cardiac markers Tnnt2, Gja1, and Ryr2 were detected by 

immunohistochemistry in cells infected with the GMT vector but not dsRed control 

infected cells (E).  

 
  



	   94	  

 

Figure 2: Temporal transcriptional profiling of iCMs reveals rapid down-

regulation of fibroblast genes and gradual up-regulation of cardiac genes 

CF isolated from αMHC-GFP transgenic mice were infected with GMT and allowed to 

reprogram for 3,7,14,21,28, and 42 days (A).   Microarrays were performed on RNA 

isolated from GFP+ reprogramming cells isolated by FACS.  Genes with significant 

differences in expression between CF and CM (p<0.01) were graphed (B). 
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Figure 3: GMT factors induce global transcriptional changes and effect 

expression of genes in multiple signaling pathways 

 Hierarchical clustering of αMHC-GFP+ iCM samples was performed and graphed (A). 

Gene ontology analysis was performed on genes with significant (p<0.0001) differences 

in expression between CF and all iCM time points (B).  
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Figure 4: Transcription of the Tgfβ signaling pathway decreases after 1 week of 

reprogramming 

Gene expression levels of members of the TGFβ signaling pathway throughout the 

reprogramming process were graphed (A).  Levels of gene expression measured by 

microarray were confirmed using quantitative real time PCR (B).  
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Figure 5: Addition of the ALK4/5/7 inhibitor SB431542 dampens phosphorylation 

of Tgfbr1 and Smad2/3 

The TGFβ inhibitor SB431542 was added 24 hours after GMT induction (A). Lysates 

from GMT and GMT + SB431542 treated cells were isolated and western blots were 

performed to determine relative protein levels of Tgfbr1, phosphorylated Tgfbr1, smad 

2/3, and phosphorylated smad2/3 after 48 hours (B).  Immunohistochemistry of Tgfbr1, 

phosphorylated Tgfbr1, smad2/3, and phosphorylated smad2/3 was performed on day 3 

of reprogramming in CFs induced with GMT or GMT+SB (C).  
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Figure 6: SB431542 enhances cardiac reprogramming  

CF were induced with GMT or GMT+ SB431542 and allowed to reprogram for 21 days. 

SB enhanced relative αMHC-GFP(+) cells compared with GMT alone as shown in (A) 

and quantified (B).  Microarrays were performed on RNA isolated from GMT+SB 

induced iCMs that were allowed to reprogram for 14 days.  Relative expression levels of 

cardiac and non-cardiac genes in GMT and GMT+SB induced iCMs were graphed (C).   
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Figure 7: SB431542 shortens the timing of reprogramming 

Global gene expression levels in iCMs induced with GMT+SB for 14 days were 

compared with levels in iCMs induced with GMT at multiple time points and clustered 
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(A). Orthogonal Projections to Latent Structures (OPLS) Analysis was performed on 

GMT induced iCMs to identify genes with signature levels of expression for each time 

point. The absolute value of genes with a P correlation value greater than 0.7, were 

averaged and graphed. Relative levels of expression of signature genes identified in 

GMT induced cells were compared to expression levels in GMT+SB induced samples. 

(B).  The number of signature genes identified by OPLS analysis that overlap between 

GMT+SB at day 14 and GMT at multiple time points was quantified (C).      
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Table 2: Signature genes identified by orthogonal projections to latent structures 

analysis 
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Genes with signature levels of expression by Orthogonal Projections to Latent 

Structures analysis were listed for each time point that RNA was collected from GMT 

induced iCMs.  Genes with overlapping levels of expression in GMT+SB iCMs that were 

allowed to reprogram for 14 days are highlighted in yellow. 
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Supplemental Figure 1: GMT Localize to the Nucleus After sGMT Induction 

CF induced with sGMT were allowed to reprogram for 72 hours.  Immunicytochemistry 

for Flag (Gata4), Myc (Mef2c), and HA (Tbx5) shows GMT localization to the nucleus.   
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Supplemental Figure 2: Members of the Tgfβ pathway display dynamic changes 

in expression 

Expression levels of members of the TGFβ signaling pathway after 7 and 14 days of 

reprogramming were modeled (adapted from Wikipathways.com).  Colors in model 

correspond to expression levels in Figure 4A. Yellow (high) corresponds to all yellow 

shades, grey corresponds to black (medium), and blue (low) corresponds to all blue 

shades in Figure 4A heatmap.   
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Discussion 

Since the first successful generation of iCMs, we, and others, have taken a candidate 

approach to identify combinations of genes that are sufficient to induce or enhance 

cardiac reprogramming.1, 4-6 Altering the stoichiometry of GMT17 and including additional 

factors (e.g., Hand2, Nkx2.5, Myocd, SRF, Mesp1, or miR-133) to the original 

reprogramming cocktail has led to some improvements in quality and efficiency of iCMs 

generated in vitro. However, cardiac reprogramming is most efficient when performed in 

vivo, indicating that yet unknown cues push iCMs to a take on a more fully 

reprogrammed state. In this study, we have characterized the transcriptional changes 

that occur throughout GMT-induced reprogramming. We determined that not only do 

CF- and CM-specific genes display changes in expression levels, but that select genes 

have signature levels of expression that can be leveraged as markers to track the speed 

of GMT-induced reprogramming. Furthermore, genes that have known roles in many 

diverse cellular functions displayed dynamic shifts in levels of expression and we used 

this knowledge to identify barriers to reprogramming that, when removed, enhanced 

reprogramming.  
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In our analyses, we determined that many members of the Tgfβ signaling pathway 

underwent dramatic and significant shifts in gene expression between 7 and 14 days 

after GMT induction, with Tgfβ signaling markers being higher initially, then decreasing 

after 14 days. . The period after 14 days correlates to iCMs taking on more mature CM-

like phenotypes, including sarcomeric formation. In agreement with Tgfβ signaling 

functioning as a barrier to reprogramming, addition of SB, a potent inhibitor of the Tgfβ 

pathway,23 enhanced the quantity of iCMs generated by GMT-induced reprogramming 

and this effect was reversed by addition of Tgfβ protein.  

 

Removal of the Tgfβ signaling barrier to cardiac reprogramming by a single dose of SB 

administered 24 hours after GMT induction not only led to an increase in the quantity, 

but also the quality of iCMs generated and the speed with which reprogramming 

occurred. These data were confirmed in CFs induced with a single MGT viral vector that 

optimizes the stoichiometry of factors17 and allowed to reprogram for 14 days (data not 

shown).  Phenotypes, including spontaneous contraction, that are normally observed 

exclusively at later time points during the reprogramming process, were observed 

between 2 and 3 weeks in the presence of SB. Consistent with this observation, 

interrogation of the transcriptome of GMT+SB-induced iCMs revealed that expression 
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profiles of GMT+SB samples that were allowed to reprogram for 14 days more closely 

resembled the global and signature gene profiles of GMT-induced iCMs that were 

allowed to reprogram for 42 days and neonatal CMs. Together, these results indicate 

that SB hastens and enhances GMT-mediated reprogramming. While the increased 

number of iCMs and more rapid emergence of beating iCMs is also observed upon 

addition of SB to cardiac reprogramming driven by forced expression of Hand2, Nkx2.5, 

and GMT (HNGMT) in vitro22, it remains to be seen if inhibition of Tgfβ signaling can 

enhance reprogramming independently of which cocktails are used to generate iCMs. 

Since inhibition of Tgfβ signaling also improves reprogramming of fibroblasts to induced 

pluripotent stem (iPS) cells, it is possible that Tgfβ signaling serves as a general barrier 

to cellular reprogramming. Furthermore, it will be interesting to test the effects SB 

addition has on cardiac reprogramming in in vivo mouse and large animal models of 

acute myocardial infarction.     

 

Our characterization of the dynamic transcriptional profiles iCMs take on throughout the 

course of reprogramming not only provided the tools that allowed us to identify the 

inhibitory role Tgfβ signaling plays during reprogramming, but also provided a means to 

track the timing and state of reprogramming in iCMs that may be useful in further 
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downstream applications such as high throughput screens. Although addition of SB can 

enhance the efficiency of cardiac reprogramming in vitro, iCMs generated resemble 

neonatal CMs and lack key phenotypes that are the signature of fully mature adult CMs. 

Thus, it is clear that factors that contribute to iCM maturation remain unidentified.  It 

would be interesting to interrogate other parameters that may influence cardiac 

reprogramming in vivo, including the state of the proteome, paracrine signals, 

extracellular cues or mechanical forces in the context of in vitro cardiac reprogramming.   

 

Overcoming the limitations of generating adult CM-like iCMs in vitro has the potential to 

enhance reprogramming overall, provide sufficient cells for disease modeling, and 

inform more efficient in vivo strategies. Further mechanistic understanding of the 

process of transdifferentiation should enable greater efficiency.   
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Cardiac Reprogramming: From Mouse towards Man 

 

Abstract 

Loss of cardiomyocytes from cardiovascular disease is irreversible and current 

therapeutic strategies do not address the loss of myocardium after injury. The discovery 

that resident fibroblasts within the heart can be reprogrammed to cardiomyocyte-like 

cells and improve heart function after myocardial infarction has strong implications in 

potentially addressing this issue in the clinic. Here we discuss the advances in direct 

cardiac reprogramming that will hopefully act as a springboard in the generation of 

effective approaches to restoring cardiac function after injury.  

 

Introduction 

Cardiovascular disease claims more lives than any other disease worldwide.  The 

heart’s limited ability to repair itself after injuries such as myocardial infarction leads to 

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 aid 

in supporting a heart with decreased function, there is no current therapy to repair 
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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 increase myocyte survival, they have had limited effect on generating 

new myocardium. Introduction of cardiomyocytes derived from pluripotent stem cells 

may be able to increase myocardial mass, and much research is aimed 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 fate to another. The scientific foundation for modern cellular 

reprogramming was 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.  Despite the similarities between 

skeletal and cardiac muscle, intensive efforts to identify a MyoD equivalent failed. 

Inspired by the combinatorial effects of multiple transcription factors to reprogram 

fibroblasts to induced pluripotent stem (iPS) cells, we reported that introduction of three 
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members of the core cardiac developmental transcription machinery could induce 

fibroblasts to adopt a cardiomyocyte-like phenotype in vitro [4].  The same factors 

function with greater efficiency in vivo [5,6], with addition of other factors [7] or use of 

microRNAs [8] providing other approaches to reprogramming.  A similar approach has 

been used to reprogram fibroblasts to neurons [9-11], neural stem cells [12], hepatocytes, 

hematopoietic cells, endothelial cells, among other cell types [13-15]. 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 [4] took a candidate approach to 

identify factors sufficient to convert mouse cardiac and dermal fibroblasts to 

cardiomyocyte-like cells in vitro. 14 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 
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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 fully beating cardiomyocyte-like cells, microarray analyses of the entire 

αMHC-GFP+ population revealed that the larger partially reprogrammed population 

displayed a genome-wide shift in gene expression similar to neonatal cardiomyocytes 

and displayed varying degrees of sarcomere assembly. Furthermore, the 

reprogramming of these cells was epigenetically stable based on DNA methylation and 

histone modifications at select loci.  Consistent with this, ongoing expression of the 

reprogramming factors was not necessary to maintain the cardiomyocyte-like state. We 

have termed these cells induced cardiomyocytes (iCMs), which are similar, but clearly 

distinct, from true cardiomyocytes.   

To understand the path of conversion from fibroblast to iCMs, we utilized fibroblasts 

from mice harboring an Isl1-Cre or Mesp1-Cre transgene, crossed to a reporter mouse 
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with the reporter activated only upon Cre-recombinase. In this system, if the fibroblasts 

de-differentiated first into the early mesodermal progenitor (Mesp1+), or a 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 did 

not 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. 

 

Building on these studies, two other groups reported the ability to improve the efficiency 

of in vitro reprogramming with the addition of a fourth cardiac transcription factor, Hand2 

(GHMT) [7] or the replacement of Gata4 with the transcription factor Myocd [16]. 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. 

 

Using a similar screening strategy, Jayawardena et al screened candidate cardiac 

microRNAs for cardiac reprogramming [8]. They found that overexpression of a cocktail 
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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 [17], the efficiency of reprogramming drastically 

improved to 13–27%, and was even shown to reprogram with just a single miRNA, miR-

1. Similar to in vitro transcription factor based methods, levels of cardiac mRNA 

expression increased and Ca2+ oscillations, indicative of beating, 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 18] and 

[19]. 

 

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 

capable of contractile activity.  
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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 genetic lineage tracers 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 [5] 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 double positive for cardiac markers and fibroblast enriched lineage tracing 

markers, were observed in 9–35% of myocytes in the border/infarct zone, indicating that 

the converted iCMs originated from fibroblasts.  

 

iCMs isolated from injured hearts exhibited action potentials, calcium transits, and with 

varying degrees of maturity, the ability to contract. A large percentage of in vivo iCMs 

were more fully reprogrammed, 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 [5]. Furthermore, significant functional improvements, 
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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 unknown factors, including mechanical forces, local signals, and extracellular matrix 

effects within the in vivo environment contribute to the overall maturity of the cells.   

  

A similar approach was taken by Jawardana et al [8] to determine if the combination of 

miRNAs and a JAK inhibitor were sufficient for direct reprogramming in vivo.  Lentivirus 

containing the four 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 and it remains unknown if 

this combination of factors can improve heart function after myocardial infarction.   
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From mice to humans 

An essential step in advancing cardiac reprogramming technology is to translate the 

knowledge gained from studies using the mouse system to human cells. Several recent 

studies reported the failure of GMT or GMHT to convert fibroblasts to cardiomyocyte-like 

cells, but each described overlapping but distinct combinations of factors that could 

push human fibroblasts into a more cardiomyocyte-like state [6,20,21]. 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 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. ~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 had many properties of human 
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cardiomyocytes.  Thus, while human cells appear more resistant to conversion, various 

combinations of the core transcriptional machinery are able to shift cells considerably 

toward the cardiomyocyte state, although further improvements may be necessary.   

 

Conclusions 

The discovery that fibroblasts can be converted to cardiomyocyte-like cells by forced 

expression of 3–4 factors in mouse, and 6–7 factors in human cells, suggests a new 

approach for repairing damaged cardiac tissues.  Although imperfect cardiomyocyte-like 

cells were generated in the in vitro mouse studies, they created a foundation that 

ultimately led to a more mature cardiomyocyte-like cell, 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 in mice comparing in 

vivo vs. in vitro iCMs [5,7,21], it is possible that the current degree of human 

reprogramming will be sufficient in vivo. 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 with the current cocktails identified.  
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Many important questions and issues in the area of cardiac reprogramming remain that 

will undoubtedly be addressed in the coming years. One question is the mechanism 

underlying reprogramming. A prerequisite will be identifying the DNA targets occupied 

by the reprogramming factors, their combinatorial function at a genome-wide level, 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 in vivo 

beating heart play during reprogramming.  It will be interesting to uncover the pathways 

and cues necessary for reprogramming and leverage that information to improve 

cardiac reprogramming even further. 

 

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 trials underway and an established regulatory pathway, 

the safety of viral vectors remains in question. Small molecules have been identified that 

can replace factors important for reprogramming fibroblasts to induced pluripotent stem 

cells [22,23], and it may be possible to replace cardiac reprogramming factors with small 

molecules as well.  Additionally, the safety of incompletely reprogrammed cells in the 
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heart and the potential for rhythm disturbances must also be determined.  Further 

optimization of reprogramming human cells and demonstration of the safety and 

therapeutic efficacy of this approach in large animals will be necessary.  Nevertheless, 

the paradigm of leveraging cellular reprogramming technology to regenerate tissue by 

controlling the fate of endogenous support cells in the area of injury is an exciting one 

and may extend to numerous organs [24] in the future.   
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Figure 8: 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.	  
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Appendix A 

Materials for Murine Cardiac Reprogramming in vitro 

 

Reagents 

• PBS without Ca2+ and Mg2+ (Gibco, cat.no. 10010-056) 

• OptiMEM I reduced-serum medium (Invitrogen, cat.no. 31985) 

• Dulbecco's Modified Eagle Medium (D-MEM) (1X), liquid (high glucose), 

with L-Glutamine (Gibco, cat.no. 11965-092) 

• FBS (Hyclone, cat.no. CH30160.30) 

• Penicillin/Strepotomycin (Gibco, cat.no.15070) 

• M199 (BioWhittaker, cat.no. BE12-119F) 

• Iscove’s Modified Dulbecco’s Medium (IMDM ; Gibco, cat.no. 21980) 

• Propidium iodide buffer (Biosource, cat.no. PNN1011) 

• Monoclonal mouse anti-α-Actinin (sarcomeric) clone EA-53 (Sigma, 

cat.no. A7811) 

• Anti-GFP, rabbit IgG fraction (anti-GFP, IgG) 2 mg⁄ml (polyclonal) 

(Invitrogen, cat.no. A-11122) 

• Mouse anti-MHC (Development Studies Hybridoma Bank/DSHB, cat.no. 

MF20) 

• Mouse anti-Tropomyocin (DSHB, cat. no. CH1) 

• Mouse anti-Troponin T, Cardiac Isoform (ThermoScientific, cat.no. MS-

295-P0) 
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• Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen, cat.no. A11008) 

• Alexa Fluor 594 goat anti-mouse IgG (Invitrogen, cat.no. A11005) 

• 0.05% (wt/vol) Trypsin/EDTA (Gibco, cat.no. 25300) 

• Triton X-100 (Sigma, cat.no. T8787) 

• Non-essential amino acid solution (NEAA; Invitrogen, cat.no. 11140-050) 

• Gelatin (0.1% (wt/vol) solution; Sigma, cat.no. G1890) 

• Polybrene (Chemicon, cat.no. TR-1003-G) 

• Puromycin (ready to use solution, 10mg/ml in H2O, 0.2 μm filtered, Sigma, 

cat.no. P9620)  

• Blasticidin (Invitrogen, cat.no. A11139-02) 

• Anti-Mouse/Rat CD90.1 (Thy-1.1) APC (eBioscience, cat.no. 17-0900-82) 

• FuGENE6 Transfection Reagent (1ml, Roche, cat.no. 11814443001) 

• Retro-Concentin™ Virus Precipitation Solution (5×) (SBI Cat. no. RV100A-

1) 

• Retro-X™ qRT-PCR Titration Kit (Clontech, cat. no. 631453) 

• 32% PFA, EM grade 10X10ml (Electron Microscopy Sciences, 

cat.no.15714) 

• Universal Blocking Buffer (10X, BioGenex, cat.no. HK085-5k) 

• VECTASHIELD HardSet Mounting Medium with DAPI (Vector lab, cat. 

no.H-1500) 

• Collagenase Type 2  (Worthington Biochemical Corporation, cat. no. 

LS004177) 
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• 10x Hank’s Balanced Salt Solution (Cellgro, cat. no. 20021037) 

• RetroX qRT-PCR titration kit (Clontech, cat. no. 632453) 

 

Equipment 

• Delicate scissors (Fine Science Tools) 

• Forceps (Fine Science Tools) 

• 15-ml centrifuge tubes (Corning, cat.no. 43079) 

• 50-ml centrifuge tubes (Corning, cat.no. 430829) 

• Cell culture dish, 100mmX20mm (Corning, cat.no. 430293) 

• Cell strainer 40µm (BD Falcon, cat.no. 352340) 

• 1.5ml microcentrifuge tubes (Eppendorf) 

• 6-well cell culture plate (Corning, cat.no. 3506) 

• 24-well cell culture plate (Corning, cat.no. 3524) 

• CO2 incubator (CO2 at 5%, humidified, 37ºC) 

• Water bath maintained at 37 ºC 

• Tissue culture centrifuge 

• Syringes (50ml, 20ml and 10ml, BD) 

• Glass Pasteur pipettes (9inches, sterilized by autoclave) 

• Flow cytometer (BD calibur and AriaII)  

• Upright microscope (Leica) 

• Dissecting microscope (Leica) 

• Magnetic stirring bars (Fisher cat.no. 14-513-82) 
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• Costar 60mm center well culture dish, non-pyrogenic (Corning, cat. no. 

3260) 

• 250 mL culture polypropylene centrifuge tube (Corning cat. no. 430776) 

• Polyallomer Centrifuge Tube (25X89mm) (Beckman cat.no. 326823) 

 

Reagent setup 

Gelatin-coated culture dishes  

Make 0.1% gelatin solution (wt/vol) in PBS and autoclave before use. The sterile 

solution can be stored at 4ºC for up to one year. To coat the culture dish, add 

enough gelatin solution to cover the surface of the plastic and incubate at room 

temperature in the culture hood for at least 10 min. Just before use, aspirate the 

solution and add cells in medium.  

 

PlatE cell medium 

The medium consists of DMEM (containing 1mM sodium pyruvate, 2mM L-

glutamine), 1% (vol/vol) non-essential amino acid, and 10% FBS. To make 500ml 

PlatE cell medium, add 5ml NEAA, 45ml FBS to 445ml DMEM, filter sterilize with 

a 0.2µm filter, store at 4ºC and use within one month. While maintaining platE 

cells, add 2ul 10mg/ml puromycin and 10ul 50mg/ml Blasticidin to the medium.  

 

Fibroblast explant medium 
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This medium consists of IMDM, 20% FBS and Penicillin/Strepotomycin. To make 

500ml fibroblast explant medium, 5ml Penicillin/Streptomycin  and 100ml FBS to 

395ml IMDM, filter sterilize with a 0.2µm filter, store at 4ºC, and use within one 

month. 

 

Cardiomyocyte medium 

This medium consists of DMEM, M199, 10% FBS, 1% (vol/vol) non-essential 

amino acids, 1% sodium pyruvate , 1% glutamax, and Penicillin/Strepotomycin. 

To make 500ml fibroblast explants medium, add 85 M199, 50ml FBS, 5ml non-

essential amino acids and 5ml Penicillin/Strepotomycin to 355ml DMEM, filter 

sterilize with a 0.2µm filter, store at 4ºC, and use within one month. 

 

Antibody solutions 

To make 0.05%TritonX-100 in PBS (PBST) washing buffer, dilute 500µl Triton X-

100 in 1L PBS. PBST can be stored at room temperature. All primary and 

secondary antibodies are diluted in 50% Universal Blocking Buffer:50% PBST.  

Diluted antibodies can be stored at 4ºC for up to one month.  

 

Enzyme Digestion Medium 

The medium contains type II collagenase, PBS, and 0.25% trypsin. To make 

50ml of 2x medium, dilute 1mg/ml type II collagenase in 25ml PBS. Vortex to 
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dissolve collagenase, and add to 25ml of 0.25% trypsin. Store at 4ºC, and use 

within one month. 
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